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Preface

The great spread of wireless technologies that is now observed reflects the interest
in greater connectivity and pushes the development of portable devices that are
able to connect to these emerging wireless technologies. Portable devices, then,
need to offer increasing connectivity capabilities while maintaining their perfor-
mance in terms of size and autonomy. Therefore, portable devices must further
reduce not only their power consumption but also the size of their electronics. In
other words, high performance, low cost, and highly integrated Radio Frequency
Integrated Circuits (RF ICs) are increasingly required by the consumer electronics
industry.

CMOS integrated technology has played an important role in this wireless
explosion due to its high functionality, integration capabilities, and low cost.
Consequently, power amplifiers (PAs) implemented in standard CMOS processes,
which offer performance close to that found in more expensive technologies, such
as GaAs, are highly attractive. This is not only because CMOS technologies are
extensively currently used in RF ICs implementations but also because CMOS
PAs may offer low cost and high integration characteristics.

However, the PA is still an RF component that has not been completely inte-
grated within the whole transceiver due to the existing trade-off between high-
performance and high integration characteristics. If high-performance PAs are
required, designers focus on expensive processes that prevent PAs from being
implemented in low cost, highly integrated devices. Conversely, if high integration
is desired, achieving high-linearity and high-efficiency CMOS PAs is still a
challenge. In addition to this, PAs have a direct impact on transceiver performance
because the PA power consumption may easily make up 50 % of the overall power
consumption of the transceiver, meaning that a high-performance PA is crucial.

This work, then, focuses on design techniques for high-performance, fully
integrated linear CMOS PAs for wireless applications. The work provides a
complete flow for the design of the CMOS PA by describing the steps from the
very beginning of the design process. The book provides an overview of the
metrics that quantify the performance of the PA in order to obtain the PA
requirements. In Chap. 3, the linearity and efficiency metrics of PAs can be found
along with the metrics of PAs that handle digitally modulated channels. Stability
and power capability parameters have been also included.
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Once the specific requirements of the PA have been established, this work
provides designers with a PA model to help anticipate the expected performance of
the PA. Based on the most important design parameters such as biasing, supply
voltage, inductor quality factors, current consumption, etc., the model provides the
expected metrics of the PA in terms of efficiency, linearity, and output power
levels. This model proves, then, to be a useful starting point in the first design
steps. The model description can be found in Chap. 6.

Once parameters such as current consumption, supply voltage, or the required
inductor quality factors have been quantified, the book discusses the optimization
process of all the PA stages. Based on a linear CMOS PA example, the output
matching network, output, and driver amplifying stages, the input matching net-
work, and the interstage matching network are detailed. In addition, the main
issues that must be considered in the PA layout design process in order to avoid
performance degradation are also presented. Special attention is paid to the issues
of integrated inductors in PAs, along with the extra considerations that designers
must know in order to optimize inductor performance. The details for the PA and
the integrated inductor optimization process are also found in Chap. 6.

The test setups and procedures required to characterize a PA are described in
Chap. 7. In order to fully characterize PA performance, single-tone test and tests
based on digital channels should be performed. The book presents both types of
tests, along with results based on the aforementioned linear CMOS PA example. In
addition, test setups and procedures for measuring inductors for PAs are included.

The book also provides an introductory overview of the impact of the PA in the
transceiver quantified for modern communication standards in Chap. 1. Chapter 2
addresses the issues and limitations that CMOS processes impose on the design of
high-performance linear PAs such as the low supply voltage that is available in
modern submicron CMOS processes or low transistor transconductance. This
chapter also details several other aspects of CMOS processes, such as substrate
losses, impedance transformation, or stability and reliability issues.

Fundamentals of PAs, i.e., the classification of PAs into different classes, as
current source or as switch-type PAs, are also presented in Chap. 4. The practical
uses of the different PA classes in implementing a linear PA architecture are also
presented; examples might be using class C PAs in linear Doherty PAs or com-
bining class D PAs to implement an outphasing PA architecture.

Finally, Chap. 5 is devoted to PA architectures that are of interest for building
fully integrated PAs in order to achieve higher output power levels, enhanced
linearity, or better efficiency. Power combined PAs and the Doherty architecture,
along with dynamic supply, adaptive biasing or digital predistortion techniques,
and the use of cascode transistors are all interesting solutions to boost PA linearity,
efficiency, or output power levels in CMOS processes with limited supply voltage.
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Chapter 1
Introduction

Abstract This chapter introduces the power amplifier (PA) as a component within
the transceiver. It then moves to a discussion of the impact of the PA in terms of
power consumption and the new requirements of modern wireless communication
standards, and it ends with a description of the importance of the peak to average
power ratio (PAPR) for PA performance and the issues related to CMOS (Com-
plementary Metal Oxide Semiconductor) processes for PA implementation.

The Power Amplifier

The power amplifier is the last component of the transmission chain, placed just
before the antenna. Figure 1.1 illustrates a superheterodyne transmitter. It can be
seen that the signal at the base band is first upconverted to an Intermediate Fre-
quency (IF), filtered through a selective filter (SAW), and then IF amplified. After
that, the signal is again upconverted to the final RF frequency and filtered. Nor-
mally, there is a PA driver that performs an initial amplification before it arrives at
the PA. Therefore, the PA performs the final amplification of the transmitted signal
so the signal can be received at the required distance and with the desired quality.
As the PA is the last component in the transmission chain, it must deal with the
highest power levels. Consequently, the PA usually shows the greatest power
consumption in the transmission chain, which means that the efficiency of this
chain could be practically reduced to that of the PA. Furthermore, this component
strongly influences output signal quality, which is greatly affected when the PA
works close to its nonlinear performance.

Impact of PA on Integrated Transceivers

The ratio of the PA’s power consumption within the wireless transceiver has
always been considered high. However, modern wireless standards can be very
different: channel bandwidth or channel modulation, frequency band or output

H. Solar Ruiz and R. Berenguer Pérez, Linear CMOS RF Power Amplifiers, 1
DOI: 10.1007/978-1-4614-8657-2_1,
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Fig. 1.1 Transmitter components diagram

power levels differ from one standard to another. Therefore, the impact of the PA
on the transceiver will vary, depending on the target application. For that reason, it
is very useful to quantify and detect which aspects of the final standard the
designer must focus on when tackling the design of the PA.

Requirements of Modern Wireless Standards

There is a plethora of different parameters that describe modern wireless standards
and the number keeps increasing with the appearance of new standards. However,
there are two main system parameters that affect the performance of a PA: com-
munication range and channel spectral efficiency. These two parameters directly
fix the other two main aspects of a PA: the linear output power and PA efficiency.

Effect of the Communication Range

Figure 1.2 shows a simplified block diagram of a generic RF transceiver. There are
five major circuit building blocks on the left side of the diagram: the transmitter
front-end is responsible for modulation and up-conversion; the receiver front-end
is for down-conversion and demodulation, the transmitter and receiver base band
blocks are for signal processing, and the synthesizer generates the required carrier
frequency. To the right of these blocks, the power amplifier block amplifies the
signal to produce the required RF transmit power to the antenna and can be either
integrated into the transceiver or be external. The power consumption of the
transceiver will therefore comprise the power consumption of all these blocks.
From this simplified scheme it is possible to quantify the impact of the PA in
the transceiver for actual wireless communication standards. In order to make that
calculation, a simple definition of the impact of the PA is offered in (1.1).

P
PA_impact =~ (1.1)
Pr
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Where Ppy is the power consumption of the PA and Py is the power consumption
of the whole transceiver, including the PA.

It is now possible to apply this definition to several implemented transceiver
designs for three different standards in order to quantify the PA impact. Bluetooth,
802.11g and 2 GHz WCDMA transceivers have been chosen as they cover the
different communication ranges: the WPAN networks of Bluetooth, the WLAN
networks of 802.11g and the WWAN networks of WCDMA.

The characteristics of the transceivers are in Table 1.1. All the transceivers are
implemented in a CMOS process and within each standard the transceivers show
similar output power values.

It must be noted that in the case of 802.11g and especially WCDMA, only a few
transceivers integrate the PA. For that reason the same external PA has been applied
to transceivers of the same standard. These external PAs are also implemented in
CMOS and yield very good and realistic results; they are shown in Table 1.2.

As Fig. 1.3 shows, the impact, although significant, is not the same for each
standard and clearly depends on the output power levels. For Bluetooth it is around

Table 1.1 Performance of state-of-the-art of CMOS transceivers for bluetooth, 802.11g and
WCDMA

Standard Trans. Pt Ppp Impact Trans. Poyr (dBm) CMOS
(mW) (mW) (%)

Bluetooth [1] 19.5 7.5 38.5 0 0.25 um
[2] 123 55 44.7 2 0.18 um
[3] 92.13 33.33 36.2 2 0.13 um
802.11g [4] 1144 690 60.3 —4 0.18 um
[5] 1212 690 56.9 -3 0.18 um
[6] 1249 690 55.2 —4 0.18 um
WCDMA [7] 2266.4 1700 75.0 4 0.13 um
[81] 2114 1700 80.4 6 0.13 um

[9] 1969 1700 86.3 0 90 nm
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40 %, but for WCDMA the PA power consumption dominates the transceiver
power consumption completely with percentages of up 86 %.

Figure 1.3 gives an idea of the importance of high performance PAs and the
need of PA designers to carefully evaluate the target application. It so happens that
the most challenging PAs correspond to standards in which the impact of the PA is
the greatest. In fact, if the integrated PA performance is not high, the trade-off
between cost, size and power consumption may lead to the conclusion that it is
better to use an external PA.

Effect of the PAPR in Digital Multicarrier Modulation Schemes

As mentioned previously, PA performance is mainly affected by the continuous
need for higher data rates in limited channel bandwidths, i.e. higher spectral
efficiencies. A paradigmatic example can be observed in the evolution of 3GPP
standards for mobile communications, shown in Fig. 1.4. It is clear that there is an
increasing requirement for a higher bit rate, from the 9.6 Kbps channel data rates
of the 2G standards to the 50 Mbps for the uplink in LTE in Release 8. This
continuous need for higher bit rates also has an impact not only on the channel
bandwidth, which ranges from 200 kHz for 2G to 20 MHz for LTE, but also on
modulation, where 2G uses constant envelope GMSK modulation whereas LTE

Table 1.2 Performance of state-of-the-art CMOS PAs for 802.11g and WCMA
Standard PA Poyr (dBm) PAE (%) CMOS

802.11g [10] 21.2@EVM = —28 dB 19 65 nm
WCDMA [11] 28@ACLR = —35dBC 36.5 0.18 um

100
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40

PA Impact (%)
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o

Fig. 1.3 Impact of the PA power consumption on three different wireless communication
standards: Bluetooth, 802.11g and WCDMA
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permits multicarrier channels with 16 QAM or even 64 QAM modulation for the
uplink data transmission in order to increase spectral efficiency. High spectrally
efficient channels require, then, more complex modulation schemes accompanied
by high PAPR modulated channels.

In fact, as Fig. 1.4 illustrates, the PAPR has undergone a clear increase in the
different 3GPP standard generations: from O dB for GSM to 8.5 dB for LTE [12—-14].

Signals with a high PAPR indicate that at certain moments the transmitted
signal may have peak power values that are much higher than the average. This
leads to the necessity of using amplifiers with highly linear characteristics,
otherwise the excessive clipping of the signal would lead to a distortion of the
transmitted signal and out-of-band radiation; needless to say, these two phenomena
are limited by standards in terms of maximum limits for the error vector magnitude
(EVM) and adjacent channel leakage ratio (ACLR).

However, the trend of higher PAPRs seems unavoidable in wireless standards
and in fact is a big concern for designers and standardization bodies. For example,
although it exhibits a high PAPR, LTE uses SC-FDMA access for the uplink in
order to mitigate the even higher PAPR from the OFDMA technique used in the
downlink channels.

The effect of high PAPRs on the PA is direct in terms of the linearity
requirements of the PA and also in terms of the PA efficiency. Maximum efficiency
is normally achieved by the PA at maximum power, but a high PAPR transceiver
will reach this power level for only a small amount of time. Figure 1.5 illustrates
this effect in a 28 dBm/26 dBm Pgsa1/P14g With 40 % peak power-added efficiency
(PAE). As can be seen, whenever the PA has to transmit a signal showing high
PAPR, the average power of the signal is required to be well below the nonlinear
region of the PA in order to avoid distortion. The nonlinear region is usually
defined from the P4 point onwards. The difference between the Pi4g and the

60

1 50

1 40

4

1 30

PAPR (dB)
N w H [3,] o ~ © ©

120

PHY Channel Rate (Mbps)

) %

Fig. 1.4 Evolution of physical channel data rate and PAPR for different mobile communication
standard generations: GSM, WCDMA, HSUPA and LTE
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actual transmitted power is the power back-off, whose value depends on the linear
characteristics of the PA and the type of modulation. However, what is clear is that
the nonlinear region is the one showing the highest PA efficiency, whereas the
efficiency of the PA drops as the power back-off increases. Following the per-
formance of the PA in Fig. 1.5, if a power back-off of 10 dB from the P4 point
was required the PAE would drop from 27 to 2 % and the channel average output
power would be limited to 16 dBm. Consequently, a 16 dBm/50 Q (~40 mW)
output signal would require a power consumption of 2 W!

This again gives a clear idea of the need for high performance PAs because
modern wireless standards come with spectrally efficient channels and a relatively
large communication range, and because a non-optimized PA directly impacts the
performance of the transceiver that is usually implemented in mobile, battery-
powered devices.

CMOS Technology

The silicon-based CMOS technology can be regarded as the worst process for PA
integration. However, CMOS processes have several major advantages: high
availability and integrability, and very low cost. In fact, among the integrated
circuit (IC) technologies, CMOS processes are known for their low cost mainly
due to their widespread use in digital applications. CMOS processes account for
80 % of IC production so that whenever low cost and high production volumes are
an issue, CMOS is unbeatable among the other IC technologies [15, 16].

30 50
P1dB
\\‘,’/I_‘_—_-_-
L A
- " 40
a2
_20f &%
= 4 —
é R 30 5
3 &
1 20
=279
50 L I:PAE 27%
8 {10
0 0
20 15 -10 -5 0 5 10
PIN (dBm)

Fig. 1.5 Effect of the power back-off in a power amplifier
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However, the CMOS technology also has several major drawbacks regarding
high performance PA implementation. Although they are treated in more detail in
Chap. 4, they are briefly outlined here.

The first major limitation is the low transistor breakdown voltage of submi-
crometer CMOS transistors along with the issue of hot carrier degradation, which
leads to low supply voltage (Vpp) [17]. If the supply voltage must be low, for a
specific output power level the current must be increased and consequently metal
tracks and transistors must be wider. All this has an impact on the size of the chip and
on poor efficiencies [18]. In addition to this, PAs dealing with high current levels and
limited efficiencies must be concerned about power dissipation in the small area of
the chips [19]. High temperatures in a chip degrade the performance of the PA. All
these problems become even more critical as the CMOS processes scale down [19].

Another problem is that the CMOS transistor may also show high knee voltage
(VknEeg); this leads to even lower voltage headroom at the output and consequently
even poorer efficiencies and output power levels.

Finally, if there is a need for large output power levels despite the low transistor
breakdown voltage of transistors, then in these cases some form of impedance
transformation is required. The impedance transformation suffers from high loss
caused by the highly conductive substrate as well as the thin metal and dielectric
layers [20].

However, all these disadvantages can be thought of as challenges that can be
overcome if the PA design takes advantage of the process capabilities and smart
techniques are applied. In fact, as CMOS technology is becoming a good choice
for RF ICs, CMOS PAs have their chance due to the advantages of cost, inte-
grability and size.

Organization of the Book

This book consists of eight chapters. It describes the fundamentals, theory, design
and tests of linear CMOS Power amplifiers for RF applications.

The main metrics concerning PAs are found in Chap. 2 for linear CMOS PAs.
AM-AM and AM-PM distortions and the parameters that quantify PA efficiency
are part of this chapter. In a real situation, a PA will handle digitally modulated
channels, and the corresponding standard sets limits for the quality of the output
signal with specific parameters like the EVM or ACLR. Finally, although not
widely used, the power capability is a parameter that allows the performance of
different power amplifier classes to be compared in general.

The different classes of PAs are presented in Chap. 3. PAs are grouped
depending on how the RF transistor works for the specific PA: as a current source
or as a switch. The current source mode PAs fall in classes A to C, whereas classes
D and E are for switch mode PAs. The class F PA is treated separately as it falls
between current source and switch-type amplifiers.
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Chapter 4 addresses the issues that a designer faces during the PA optimization
in CMOS processes. As mentioned before, the main issue stems from the low
breakdown voltage of CMOS transistors. However, other effects such as imped-
ance transformation, limitations from the knee voltage, substrate losses, stability
and transistor parasitics are also treated in detail.

Chapter 5 is devoted to PA architectures that are of interest for fully integrated
PAs with relatively high output power levels or high efficiency. Power combination
or the Doherty architecture as well as dynamic supply, digital predistortion tech-
niques and the use of cascade transistors are interesting solutions in order to boost
PA efficiencies or output power levels in CMOS processes with limited supply.

Chapter 6 deals with the design flow of linear CMOS PAs. It starts with the
description of a PA model that helps with the first steps of PA design. The main
parameters that determine PA performance are included in the model: PA biasing,
current consumption, supply and breakdown voltages, inductor quality factors (Q)
and power gain. The following steps of the PA’s design flow, at the schematic and
layout levels, are discussed next. Special attention is paid to the issues of inte-
grated inductors within PAs and the extra considerations that a designer must
know in order to optimize inductor performance.

The test setups that are required to characterize a PA are described in Chap. 7.
The PA performance can be tested by means of single-tone measurements from
which the Pyg4g, the Psat or the PAE can be extracted. On the other hand, tests
based on a digital channel allow the spectral regrowth or the ACLR and the EVM
to be measured. Test setups for measuring inductors for PAs are also included.

Finally, Chap. 8 presents the conclusions of the book.
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Chapter 2
Power Amplifier Fundamentals: Metrics

Abstract This chapter details the metrics that are usually used to evaluate the
performance of a PA. PA metrics can be combined into two main groups: linearity
and efficiency, and they can be related to either single-tone or two-tone or digital
channel tests. In addition, this chapter discusses the effect of the 1 dB compression
(P1gp) point and saturated power (Psat) parameters in the digital channel dis-
tortion. Finally, stability and power capability metrics are also included.

AM-AM Distortion

AM-AM distortion refers to the amplitude distortion of any amplifier that is driven
in a nonlinear condition. This distortion is reflected in the compression effect that
can be observed in the Pin—Pout curve of a PA when a single-tone test is per-
formed or the intermodulation products in the case of a two-tone test.

Saturated Power and One dB Compression Point

Figure 2.1 illustrates the Pin—Pourt curve of a PA in dBm along with the P4 and
Psat parameters. These two parameters are a classic way of describing the per-
formance of a PA in terms of linearity. The P45 is generally given as an output
power value and refers to the output power level at which the power gain drops
1 dB from the linear value. The P45 value represents a practical limit between the
linear and the nonlinear region of a PA. However, the 1 dB compression point
actually represents a moderate rather than a weak nonlinear point [1]. In practice
the PA output power levels considered acceptable for many communication
standards are well below the Pi4p.

The Psat parameter indicates the maximum output power that a PA can
achieve. When working at this power level, the PA is extremely nonlinear with a
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Fig. 2.1 Typical AM-AM 4
distortion in the Pyn—PouT
curve of a linear PA
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power gain value that is much lower than the linear gain at low power levels. As
the Psat is in the strong nonlinear region, the Psat output power level is clearly
unacceptable for the channels transmitted. However, the distance between the
Psat and the P4p gives interesting information about the practical performance of
the PA, as we will discuss in the next sections.

Third Order Intercept Point

If two carriers or tones, usually close in frequency, are applied to the input, the
nonlinearities of the PA are reflected in the appearance of several distortion
products of different orders. The ones that are of interest due to their possible
detrimental effects are the intermodulation products (IM,), which are odd order
products close to the fundamental carrier. The third order products (IMj3) are
placed at frequencies 2w,—m; and 2w ;—w,. Higher order products such as the fifth
order intermodulation products (IMs) at frequencies 3w,—2w; and 3w;—2w, have
smaller amplitudes and are more distant from the fundamental carrier. These
higher order contributions can then be ignored when the PA operates well below
the nonlinear region of the PA, but they are dominant contributors when the PA
works in the compression regime. On top of that they contribute to the third order
intermodulation products. A typical spectrum is shown in Fig. 2.2. The inter-
modulation products appear at either side of each carrier with frequency spacing
equal to that of the two input carriers.

As shown in Fig. 2.3, the third order intercept point (IP3) represents the
intersection between the extrapolated Pin—Poyt curve of the fundamental tones at
the output, which has a 1:1 slope and the extrapolated Piy—Pout curve of the third
order IM products with a 3:1 slope. The IP3 is quantified as a power level either at
the input (IIP3) or at the output (OIP3).
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To correctly evaluate the IP3, the extrapolation of the curves should be done
well inside the linear region of the amplifier. At higher output power levels the
actual IM3 curve of the amplifier deviates noticeably from the 3:1 slope as a
consequence of high order products affecting the theoretical 3:1 line. This devi-
ation from the theoretical slope in the high power levels of the PA (the ones of
most interest) makes the IP3 point a less widespread parameter for evaluating the
linearity performance of a PA. However, this type of distortion is of the same
nature as the so-called spectral regrowth, which is of importance in communica-
tion standards and will be treated in a later section.

AM-PM Distortion

AM-PM distortion refers to the change in the phase difference between the output
and input signals as a function of the input signal level. Fig. 2.4 shows the typical
behavior of AM-AM and AM-PM distortion in a linear PA. The AM-PM
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distortion is mainly caused by a variation in the input impedance of the device
when it is driven by a large signal [2, 3].

The main effect of this distortion is the contribution to asymmetrical inter-
modulation products [1, 4]. Although less attention is paid to AM—PM distortion,
AM-PM distortion can have a noticeable impact on phase modulated digital
signals and thus correcting the AM—-PM distortion may provide the PA with better
linearity performance [2, 5].

Digital Channel Metrics

PAs are designed to be the final stage of a transmitter for a specific communication
standard. Therefore, even when the AM—AM or AM-PM distortion parameters are
useful for evaluating the performance of a PA, it is more important to know if the
PA will fulfill the specifications imposed by that standard. As we mentioned in the
Chap. 1, modern digital communication standards look to increase spectral effi-
ciency in limited channel bandwidths. As a consequence, the digital channel shows
variable envelope modulation with a high PAPR, which has a direct impact on the
PA’s requirements in terms of linearity. These standards set the linearity
requirements of the transmitter by specifying the maximum permissible out-of-
band emissions. These emissions are limited by means of two main specifications:
the ACLR and the spectrum emission mask. Another important specification is the
EVM, which limits the distortion of the transmitter in the modulated channel. It
must be noted that the standard specification refers to the transmitter and therefore
the values should be shared with all the components of the transmission chain.

Fig. 2.4 Example of AM- 30 8
AM and AM-PM distortion
in a class AB PA 6
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Spectral Regrowth

A similar effect that is observed in a two-tone test due to the nonlinearities of the
PA appears if the input signal is a modulated channel. In this case the nonlin-
earities of the PA generates an intermodulation band that stretches out to three
times the original band limit of the channel in the case of the third order distortion
products or five times these limits for fifth order intermodulation. This stretching
out effect is called spectral regrowth, and its limits are regulated by communi-
cation standards. Figure 2.5 shows an example of the spectral regrowth caused by
the nonlinearities of a PA in a 40 MHz 802.11n channel. The spectra of the
normalized channel at the input and the output of the PA can be observed.

Adjacent Channel Leakage Ratio

The spectral regrowth of most concern in a channelized communication standard is
the one caused by the third order intermodulation distortion because it lies closest
to the main signal. Standards usually limit this spectral regrowth by specifying the
adjacent channel leakage ratio (ACLR). The ACLR refers to the amount of power
a device transmitting in a channel leaks into its adjacent channel, as seen in
Fig. 2.6.

Take as an example the 3GPP LTE mobile standard, which sets a maximum
limit to the power ratio of 30 dBc for an adjacent LTE channel into the wanted
LTE channel with an output power of 23 dBm for mobile transmitters [6]. These
values serve as an initial set for specifying the linearity requirements of a PA
intended for LTE applications.

Fig. 2.5 Spectral regrowth 0
in an 802.11n 40 MHz
channel

Output with
Spectral Regrowth

Relative Power (dBr)

-80 -60 -40 -20 0 20 40 60 80
Offset Frequency (MHz)
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Fig. 2.6 Adjacent channel Assigned Adjacent
leakage ratio Channel Channel

Spectrum Emission Mask

In addition to the above ACLR specification, communication standards also set a
mask of power levels relative to the power at the center of the channel, and these
limits cannot be exceeded. As the nonlinearities of PAs cause spectral regrowth,
the spectrum emission mask is another specification that must be taken into
account when fixing the required linearity of a PA or the maximum available
output power for a given PA. Figure 2.7 shows the spectrum emission mask of a
20 MHz channel for the 3GPP LTE standard [6]. It must be noted that the spec-
trum mask limits are always given for a specific resolution bandwidth, and they
must be taken into consideration during testing. In this case, the resolution
bandwidth is set to 1 MHz, except for the closest frequency offset (10-11 MHz),
which is 30 kHz. Figure 2.7 shows the spectrum emission mask normalized to
1 MHz resolution bandwidth.

0dB

-21dB

-25dB

Fig. 2.7 Spectrum emission mask of a 20 MHz LTE channel
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Fig. 2.8 Error vector magnitude concept in a 16QAM constellation

Error Vector Magnitude

Another linearity metric that can be usually found as a specification in commu-
nication standards is the error vector magnitude (EVM). The error vector quan-
tifies the transmit modulation accuracy, as shown in Fig. 2.8, and it is defined as
the difference between the ideal constellation point and the actual transmitted
constellation point. The distortion and nonlinearities of the transmitter causes the
actual constellation points to deviate from the ideal locations. Specifically, the
nonlinearities of the PA cause the EVM to degrade so that either the output power
must be reduced or the PA linearity improved in order to fulfill this specification.

Normally the EVM is quantified as the average rms value of a number of
symbols for the modulated signal and for a specific transmitted sequence. Its value
is provided by the standards in decibels or as a percentage, and the standard tends
to impose more stringent values as the number of constellation points in the
modulation scheme increases. The value of the EVM in decibels can be easily
related to the value as a percentage by means of (2.1).

EVM(%))

T (2.1)

EVM(dB) = 20 log<
An interesting example of specified EVM values are the ones found in the

802.11n standard because it allows four different modulation schemes: BPSK,
QPSK, 16QAM and 64QAM [7]. Their values are shown in Table 2.1.



18 2 Power Amplifier Fundamentals: Metrics

Table 2.1 EVM specification for the 802.11n standard. Data rates are specified for a 40 MHz
and 400 ns GI channel

Modulation Data Rate (Mbps) Relative Constellation error
BPSK 15 —-5dB 56.2 %
QPSK 30 —10 dB 31.6 %
QPSK 45 —13 dB 22.4 %

16QAM 60 —16 dB 15.8 %
16QAM 90 —19dB 11.2 %
64QAM 120 —22 dB 7.9 %
64QAM 135 —25dB 5.6 %
64QAM 150 —28 dB 4 %

Efficiency Metrics

PA efficiency parameters quantify the amount of consumed DC power that is
turned into RF power. Efficiency is a crucial parameter for a PA. As mentioned in
Chap. 1, the power consumption of the PA is a significant amount of the total
power of the transceiver. Therefore, the efficiency of a PA will directly impact the
efficiency of the whole transceiver and the battery lifetime if the PA is used in
portable applications. Moreover, the quality of a PA in terms of efficiency can also
be an issue for heat dissipation in high power level or integrated PAs. Two main
metrics are commonly employed for evaluating the efficiency of RF PAs: drain
efficiency (14) and power-added efficiency (PAE).

Drain Efficiency

Drain efficiency is the ratio of the RF power at the output of the PA (Poyt) and the
DC power consumption (Ppc), as expressed in (2.2).

P
ng = 100 x 21 (2.2)
Ppc

Power-Added Efficiency

PAE is defined as the ratio between the RF power that the PA adds to the input
power and the DC power consumed in order to get this addition. It is mathe-
matically expressed in (2.3).
Poyr — P

our IN (2.3)

PAE = 100 x
DC
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PAE is the usual metric to evaluate efficiency because it is a more complete
metric of a PA efficiency performance. As (2.4) shows, the PAE takes into account
the effect of the power gain (G) and thus penalizes PA designs with poor gain.
Therefore, the PAE also considers the requirements of the previous PA driver and
punishes a poor gain PA that requires the driver to deal with higher power levels.

P _ Pour P 1
PAE =100 x -2%2— G — 100 x 2T <1 - —> (2.4)
DC Ppce G

The gain correction factor that the PAE adds to the drain efficiency is graphi-
cally represented in Fig. 2.9 for a 25 dB gain linear PA. It can be observed that
while a PA is in its linear region, the PAE and the drain efficiency curves stay close
one to another, but as the gain is reduced due to compression the PAE decreases
and separates from the 7.

Finally, as Fig. 2.10 illustrates, it must be noted that the Ppc does not neces-
sarily have to be constant as the Py increases. In fact, for a class AB linear PA, the
Ppc shows a noticeable increase whenever the PA enters compression due to the
clipping effects of the output current. In class AB PAs, the actual current con-
sumption of the PA separates from the quiescent current in the nonlinear region of
the PA and the Ppc calculation must be made following (2.5).

T
L[,
Ppc = Vpe X ?/ le(t) - dt (25)
0
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Fig. 2.9 Drain Efficiency, PAE and Gain for a 25 dB gain class AB PA
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Fig. 2.10 Typical Poyr, PAE and Ppc curves vs Py for a 27 dBm Pgat class AB PA

The increment of the Ppc in linear class AB PAs must be considered in the PAE
calculation and will be discussed in more detail in Chap. 3 and Chap. 6.

Power Back-Off

Since P4 and Psat are the usual metrics for evaluating the linearity performance
of a PA, it is of great interest to know how to relate them to the maximum output
power a PA may transmit for a specific communication standard. In complex
digital channels with a high PAPR an important parameter is the power back-off,
i.e. the amount of the necessary power reduction from a P4p or Psat in order to be
compliant with the EVM and spectrum emission mask requirements imposed by a
communication standard. If that relation is established, it is possible to know the
actual output power level, the DC power consumption and the efficiency that the
PA will have in practical conditions.

However, establishing that relation is not a straightforward process, as it will
depend on various parameters from the specific standard as well as the specific PA
linearity characteristics, and thus device simulations with a PA model are required [8].

If the 802.11a standard is taken as an example, it presents 16 MHz OFDM
channels and bit rates from 6 to 54 Mbps. The spectrum emission mask of this
standard is shown in Fig. 2.11, and the EVM requirements are shown in Table 2.2 [9].

In this standard, the output power of a PA is normally limited by the spectrum
mask requirements. However, as observed in Table 2.2, as the bit rate increases the
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Fig. 2.11 Spectrum emission mask of a 16 MHz 802.11a channel (not to scale)

Table 2.2 EVM specification of the 802.11a standard

Modulation Data Rate (Mbps) Relative Constellation error (dB)
BPSK 6 -5
QPSK 9 -8
QPSK 12 —10
16QAM 18 —13
16QAM 24 —16
64QAM 36 —-19
64QAM 48 -22
64QAM 54 -25

EVM requirements are the limitation of the output power because the EVM
requirements are more stringent for the highest bit rates.

The maximum output power levels for each bit rate will then look like
Fig. 2.12, where the output power is constrained by the spectrum emission mask
for the lowest bit rates, but for the highest bit rates the EVM values are the main
limitation. Therefore, the power back-off from either the Pgat or the Pigg
parameters must increase with increases in bit rate.

These previous considerations can be quantified by means of several simula-
tions using a PA in which the Pi4p, the Psat and the saturation level (the amount
of gain compression at the saturation point) parameters were changed [10]. An
802.11a OFDM channel was used and the distortions caused by the nonlinearity of
the PA were measured at the output. Figs. 2.13 and 2.14 show the results of these
simulations. The Pgar and the P4 parameters were swept while checking the
fulfillment of the spectrum emission mask and the 54 Mbps EVM requirements of
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Fig. 2.12 Maximum output power levels vs. data rate for the 802.11a standard

the 802.11a standard since 54 Mbps is the bottleneck in terms of output power. In
Fig. 2.13 the P gp is fixed (23 dBm) whereas the Psat varies (26-29 dBm), and in
Fig. 2.14 the P4g is varied (21-24 dBm), while the Pgat is kept constant
(27 dBm). As Fig. 2.13 shows, in order to fulfill the standard at 54 Mbps, i.e. the
—25 dB EVM specification, a 4 dB power back-off from the P4p is required. It is
also worth noting that the Psat value does not affect the result. Given that the
EVM at 54 Mbps is quite stringent, the PA has to work in very linear conditions so
that the actual output power is sufficiently far from Pgat. In such a case, very few
signal peaks enter high compression and Psat variations do not affect the output
power level that complies with the 54 Mbps EVM requirements. Therefore, in
order to comply with the EVM at 54 Mbps, the P4 is the reference value and

Fig. 2.13 EVM and 30
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optimizing the P;4g would result in the highest power levels at 54 Mbps. This also
is confirmed by the simulations presented in Fig. 2.14. In this case, where the P45
is varied while keeping the Psat constant, the output power level at 54 Mbps is
almost linearly affected.

However, as Fig. 2.13 shows, if the spectrum emission mask is the only
requirement, the power back-off would only be 4 dB from the Pgar, so it is
possible work in moderate nonlinear conditions of the PA. In this case, by being so
close to the Pgar, variations in this parameter linearly affect the output power
which complies with the spectrum emission mask and, as shown in Fig. 2.14, even
though the P4p is varied, the output power level is not affected in practice.

Therefore, in order to design a PA with high OFDM output power values in the
802.11a standard, it is necessary to first maximize the P4 parameter. This is
because the bottleneck of this standard in terms of output power is the one at
54 Mbps due to the stringent specification of the EVM.

The absolute output power values in Figs. 2.13 and 2.14 must be carefully
considered because the model does not include all the nonlinear effects of PAs
(such as AM—PM). However, in taking a look at the state-of-the-art, those values
can be corrected. As Table 2.3 shows, some reports on 5 GHz WLAN power
amplifiers [2, 11] and transceivers [12, 13] give some information about the
required power back-off values in order to comply with the EVM requirements at
54 Mbps. Table 2.3 confirms that the P4z is the parameter that must be

Table 2.3 Required power back-off values in order to comply with the EVM at 54 Mbps in the
802.11a standard

Design =~ Pigg (dBm)  Pgat (dBm)  Back-off from Pigg (dB)  Back-off from Pgat (dB)
[2] 254 26.5 6 7.1
[11] 20.5 22 6 7.5
[12] 19 23 6.2 10.2
[13] - 22 - 9.5




24 2 Power Amplifier Fundamentals: Metrics

Table 2.4 Required power back-off values in order to comply with the spectrum emission mask
in the 802.11a standard

Design  Pygg (dBm)  Pgar (dBm)  Back-off from Pigg (dB)  Back-off from Pgat (dB)

[12] 19 23 0.3 4.3
[13] - 22 - 42
[14] - 25 - 43

considered as a reference because the back-off value is kept constant relative to the
P14s, even for different PAs, whereas this not the case for the Pgat. However, the
actual power back-off should be around 6 dB, so that the 4 dB in Figs. 2.13 and
2.14 is excessively optimistic.

Finally, Table 2.4 shows that the back-off values from the Pgat in order to
comply with the spectrum emission mask in the state-of-the-art are close to the
previous results obtained from simulations. Table 2.4 also indicates the Psat
should be the reference parameter in this case.

Transmit Power Levels

Continuing with the example of the 802.11a standard, with respect to the allowed
transmit power levels, this standard refers to the FCC (Federal Communications
Commission) regulation for unlicensed RF devices [15]. The Commission sets
different power levels for each sub-band, which are shown in Fig. 2.15 along with
European regulations [16].

For the lower sub-band a maximum power level of only 16 dBm is allowed, but
the middle sub-band permits a maximum power level of 23 dBm and the upper

EIRP 16 dBm + 6dBi 23 dBm + 6dBi 29 dBm + 6dBi

EIRP 23 dBm

30 dBm (23 dBm last channel)

- IIIIIIIIII IIIIIIIIIIIII
| | | | | |

5.15 GHz 5.25 GHz 5.35GHz  5.47 GHz 5.725 GHz 5.825 GHz

Fig. 2.15 Frequency plan and transmit power levels for the 5 GHz WLAN
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sub-band maximum power level can be as high as 29 dBm. All the sub-bands can
add a 6 dB gain antenna to increase the effective isotropic radiated power (EIRP)
of the transmitter and hence the coverage.

If the objective is to achieve a minimum value of 16 dBm (the maximum
OFDM output power for the lower sub-band) at all the data rates, then in accor-
dance with the above conclusions the P45 should be at least 22 dBm to guarantee
the EVM requirement at the 54 Mbps data rate.

As the Psat parameter does not influence the output power levels required to
comply with the EVM requirement at the 54 Mbps data rate, its value can be
chosen with greater flexibility. However, its value could be chosen so that the
maximum output power level (23 dBm) of the middle sub-band is obtained while
fulfilling the spectrum emission mask. Results from Table 2.4 indicate that a value
of at least 27 dBm for Psar would be required for that purpose. Consequently,
with a P 4g of 22 dBm and a Pt of 27 dBm, the PA could work at 16 dBm for
all the data rates in the lower sub-band and at 23 dBm for the spectrum emission
mask limited data rates in the middle sub-band.

Stability

The large signal levels, transistor parasitics, magnetic coupling or PA nonlinear-
ities may push the PA into an unstable region and make it oscillate. A practical and
common parameter used to determine the stability of an amplifier is the Rollett
stability factor or stability factor K [17-23]. Stability factor K ensures uncondi-
tional stability criteria based on the S-parameters of an amplifier modeled as a 2-
port network, no matter what passive matching is placed at its input or output [1].
The conditions that must be fulfilled are shown in (2.6) and (2.7).

1 [SuP ISl AP

k
2812821

=k>1 (2.6)

A =51182 — 812851 (2.7)

It must be noted that the stability analysis based on stability factor K has some
limitations. First, it assumes the linear behavior of the PA, whereas the PA may
work in nonlinear conditions. However, it is possible to get around this issue if the
stability analysis is performed based on large-signal S-parameter results either in
simulations or measurements. The distinctive feature of large-signal S-parameters
is that they are not only a function of frequency, but they also depend on the output
power levels. Therefore, it is possible to perform a stability analysis of the PA with
stability factor K at different power levels.

Another restriction is that the stability factor analysis, as it is presented, does
not ensure the stability for multistage PAs [1, 24, 25]. Therefore, although a
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multistage amplifier considered as a single two-port can be analyzed with stability
factor K some other analysis, such as a transient analysis, must be considered in
the PA design process.

Power Capability

Power capability is a metric that is not usually evaluated in practical PA imple-
mentation; rather it serves to theoretically compare the relative stress that the
different PA classes place on the active transistor. Since the power capability
metric will be used in the next Chap. 3 when discussing the PA classes, it is
presented in (2.8).

P
Py——-9our (2.8)
VDS peak * DS peak
In (2.8) vps peak and ips peax refer the drain voltage and current peak values, so
Py quantifies the amplitude of the output RF voltage and current values in order to
reach a specific Poyr.

Conclusions

This chapter has presented the parameters that must be considered in order to
quantify the performance of an RF PA. Modern communication standards look to
increase the spectral efficiency of the channels in limited channel bandwidths, so
these channels show a high PAPR. Therefore, although single-tone tests are always
important in order to obtain P4 or Psat and to allow different PAs to be com-
pared, a PA is also required to verify its performance against realistic digital
channels. Testing the PA with realistic channels allows for the determination of the
actual efficiency and the power levels that the PA can handle for the specific
standard while complying with requirements like the ACLR, the spectrum
emission mask or the EVM.
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Chapter 3
Power Amplifier Fundamentals: Classes

Abstract This chapter analyzes the different PA operation modes. The different
PA classes are traditionally classified into two main groups: current source
amplifiers, which comprises classes A to C, and switch-type amplifiers, which
make up classes E and D. The class F PA is treated separately as it falls between
current source and switch-type amplifiers. The following sections describe each
operation mode in detail.

Current Source PAs

This first group of amplifiers comprises the traditional class A, AB, B and C
operation modes, where the transistor is considered as a current source. The main
difference between these four classes relates to the bias voltage at the gate that
modifies the current conduction angle. The linearity of these PAs falls off as the
conduction angle decreases from class A through class C. However, the advantage
of shifting to lower conduction angles is that efficiency increases.

Transconductance Model

Figure 3.1 shows the simplified circuit for current source mode CMOS PAs. This
simplified circuit will be used for the discussion of these types of PAs. The circuit
shows a blocking capacitor, Cgrock, Which prevents the DC current from flowing
to the output. An output filter formed by Ly and Cy has been added in order to
remove the harmonics of the output signal.

In current source PAs the transistor can be regarded as a current source with a
transconductance model showing two main limits for the current. These two limits
are shown in Fig. 3.2 for a strong nonlinear transconductance model, the cutoff
region for a gate bias below the threshold voltage (Vry) and the open channel
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Fig. 3.1 Simplified version Voo
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condition at which the output current reaches its maximum (I/yax). Although this
is an idealized version of actual transconductance behavior, the strong nonlinear
model serves to explain how current source PAs are usually loaded and why there
is an optimum load for the best PA performance.

If the strong nonlinear transconductance curve is followed, the quiescent cur-
rent (Ip) and maximum linear amplitude of the drain current are shown in Fig. 3.2.
In this case, the gate bias (V) is chosen so that the I is in the middle point
between zero and Iyax. In such a situation the drain current will show linear
swings until the current peak reaches zero or Iy;5x; beyond these levels the current
would start to clip.

Along with this, considering the transistor biased with Vpp at the drain, and in
order to use the transistor to its full linear capacity, the optimum value for the load
is obtained from (3.1) and it is defined as the load line match.

vy

ot 27 7 V1 Va Vas

10 17

Fig. 3.2 Gate voltage and drain current swings based on the strong nonlinear model
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Fig. 3.3 Maximum linear drain current and voltage swings based on the load line match

Vv
Ropr = IM:);; (3.1)
2

This value is called optimum because it is the load that provides the best
linearity to the PA. This is because the drain current and voltage simultaneously
swing to their maximum linear capacity, as shown in the idealized Vps—Ips model
in Fig. 3.3. It can be observed that the drain current has reached its maximum
linear swing, from O to Iyjax, and at the same time the drain voltage value, thanks
to Ropr, swings from Vpp to 2Vpp, which is also its maximum linear swing.

It is important to note that the performance of the PA is measured in terms of its
efficiency and the maximum linear output power levels that it can reach. Hence the
maximum linear Poyr is the main parameter to optimize. This is different to other
type of amplifiers in which gain is the main parameter and thus the output load is
matched to the conjugate of the output impedance of the amplifier. However, the
conjugate match is not desirable for a PA because the transistor will not be used to
its full linear capacity. In order to utilize the maximum linear drain current and
voltage swings of the transistor, a lower value of load resistance must be selected.
Although the load line match presents less power gain, it always gives the best
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linear behavior [1]. Following the previous example, the maximum linear output
power is calculated from (3.2).

Pour = (3.2)

Knee Voltage

The knee voltage (Vkngg) refers to the voltage limit that separates the saturation
from the triode region of the transistor output. It reduces the available output
voltage headroom because the voltage does not reach zero and consequently it
does not reach 2Vpp either. In the Vps—Ips model in Fig. 3.3 the Vigngg was
disregarded for simplicity; however, in submicron CMOS processes the effect of
Vkneg Vvoltage is always noticeable as it constitutes a considerable percentage of
Vpp and as such its effects must be taken into account. In Fig. 3.4 the Vingg
parameter has been included in the idealized Vps—Ips model.

\ Loadline A

[
RS

Ips

la

VKNEE VDD

Fig. 3.4 Effect of the Vigngg parameter in the drain voltage swing
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If Vinger is now taken into account, Ropy must be recalculated as in (3.3).

Voo — Vinee

3.3
IMAX/2 (3:3)

Ropr =

As the output voltage swing is reduced from Vpp to Vpp—ViknEg, the maximum
linear output power is directly affected. In this case, the maximum linear output
power is (3.4). The Vgngg imposes an extra limitation on the maximum drain
voltage headroom; its effect will be quantified in Chap 4.

(VDD — Vinee )2

(3.4)
2Ropr

Poyr =

Class A PAs

In class A PAs, the gate is precisely the same biasing of Fig. 3.2, i.e. the gate is
biased in the middle of the transconductance curve. As shown in Fig. 3.5, fol-
lowing the strong nonlinear transconductance model two different input drive
levels are depicted: an intermediate level in a solid red line and the maximum level
before clipping in a solid black line. As can be observed, PA performance is linear
for all the intermediate values and the maximum linear output power that can be
achieved is again given by (3.4).

In class A PAs there is a continuous current consumption that is practically
independent of the output power. The class A mode is always consuming power
because the transistor is in the active region for the entire input cycle. Drain
efficiency in this case is poor, being 50 % of the theoretical maximum. In fact,
maximum drain efficiency, by ignoring in this case the effect of Vingg, can be
calculated as (3.5).

V2

Poyr DD/ 2R VopIpc

%) = 100 =100 —="9PT — 100 —— = 50% 3.5
n(%) Ppc VopIpc 2Vpplpc ! (3:5)

The power capability of the class A operation mode, where the knee voltage
effect is ignored, is given by (3.6). As will be seen when compared to the other PA
classes, the class A mode has a relatively high device stress compared to other
different architectures.

o tar Vool 1 o
N VpSmaxinsmax ~ 2Vpp2Ipc 8 '
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Class AB PAs

In class AB PAs, the biasing voltage at the gate is lowered so that the I is also
reduced. If the strong nonlinear model for the transconductance is assumed, the
drain current waveform and its DC and fundamental components are those in
Fig. 3.6. Again, two different input drive levels are depicted: an intermediate level
in the solid red line and the maximum level before clipping at top in the solid black
line. As can be observed, for low drive voltages the class AB PA performs like
class A PAs. However, when the gate voltage is high enough the drain current clips
at zero. In such situations, the current would present harmonics at the output but
they are shorted to ground by the aforementioned LC filter so that only the first
harmonic (/;) flows through the load, as can be seen in the dashed line in Fig. 3.6.
The amplitude of the fundamental harmonic depends on the angle «/2, i.e. the
angle at which the drain current equals zero or the conduction angle. Based on this
strong nonlinear model, the fundamental harmonic can be expressed as in (3.7) [1].

_ Iyax o —sin(x)

"7 21 1 —cos (%h) (3.7)

The value of the conduction angle depends on the different amplitudes that the
drain current takes for different input drive levels and thus different values for I; are
obtained. Specifically, the value of the conduction angle just before the drain current
starts to clip at Iyjax is taken for comparison among the different linear classes; it
appears as oo/2 in Fig. 3.6. The angle o,/2 for a class AB PA varies from 7, for an
operation mode close to a class A PA, to /2 for a biasing close to a class B PA.

On the other hand, as mentioned in Chap. 2, the current consumption of a class
AB PA is not constant and the current consumption variation is more noticeable as
the biasing gets closer to a class B PA. As observed in Fig. 3.6, when the drain
current clips at zero, Ipc separates from the quiescent current. This will be also
analyzed and discussed in Chap. 6 with a more realistic model. For the strong
nonlinear model, the different values that the Ipc takes are given by (3.8).

_ yax 2 sin(o‘/z) — 0.COS (“/2)

Ioc = 2n 1 —cos(%h) (38)

In addition, the power capability of the class AB amplifiers is slightly better
than that of the class A amplifier. This is reflected in Fig. 3.6 in the fact that the
Ropr must be decreased slightly in order to accommodate the amplitude of har-
monic [y, which is higher than the amplitude of the drain current. In fact the
expression in (3.7) is always greater than 1/2 for any (/2 in a class AB biasing,
with a maximum of 0.54. The power capability of a class AB PA is (3.9), with a
maximum of Py = 0.135.

Py Pour Vopli/, 1L 1 a—sin(a) (3.9)
vpsmaxismax  2Vopluax  4Iuax 8711 — cos(%0h) '
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The theoretical maximum drain efficiency is given by (3.10) and is between
drain efficiency given for a class A PA (50 %) and drain efficiency of a class B PA
(78.5 %).

POUT 1 oy — sin(oco)

;1(%) = IOOTM = 100528111(0(0/2) — o COS(“O/z)

(3.10)

Finally, it must be noted that, based on the strong nonlinear transconductance of
Fig. 3.2, the class A PA would show the best linearity performance among the
conventional current source PAs. However, in a more realistic strong—weak non-
linear transconductance shown as a dashed line in Fig. 3.7, the threshold between
the linear and nonlinear regions of the transistor is not so clear.

For the strong—weak nonlinear model a class A PA shows early compression for
the drain current, as shown in Fig. 3.7 by the dashed line, and so its actual linearity
is degraded. In such a case, it is possible to provide higher linearity to the PA if the
biasing at the gate is reduced, i.e. from a class A to a class AB PA. The specific
optimum linearity biasing may change from one CMOS process to another because
the transistor may show different nonlinear characteristics of transconductance.
However, this sweet spot can be found for any CMOS process by circuit simu-
lation and therefore class AB PAs provide the best linearity among current source
amplifiers, and they also offer better efficiency than the class A PAs [1].

VTH VQ VGS:

v

Fig. 3.7 Gate voltage and drain current swings of a class A PA based on two models of the
transconductance curve: the strong nonlinear model (solid line) and the strong—weak nonlinear
model (dashed line)
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Class B PAs

In class B PAs the gate bias voltage is dropped to zero so that there is no quiescent
current, as shown in Fig. 3.8. Again, the transconductance has been idealized to an
ideal strong nonlinear performance, and two different input drive levels are also
depicted: an intermediate level in the solid red line and the maximum level before
clipping in the solid black line. The filtered fundamental output current and voltage
waveforms are also shown in Fig. 3.8. As it can be observed, the current con-
sumption is not constant but rather it is dependent on the drain current level.

Additionally, since the current consumption is reduced, there is greater effi-
ciency than there is with class A or class AB PAs. The maximum linear output
power that can be achieved is, again, given by (3.4). Drain efficiency in this case
has a theoretical maximum of 78.5 % (3.11). This value is obtained by means of
(3.10), where the conduction angle oy = 7 [1].

V2
Pour DD 2R Voph

%) = 100 =100 PT — 100 =78.5% 3.11

n(%) Ppc Voplpc 2VpplIpc ! (3.11)

Surprisingly, class B PAs show a linear performance, i.e. a 3 dB input power
reduction results in a 3 dB output power reduction. However, the reason is that the
strong nonlinear transconductance curve has been followed in the analysis. When a
more realistic model, such as the strong—weak nonlinear model, is applied the
actual linearity performance of class B PAs is degraded.

On the other hand, when compared to Figs. 3.5, 3.8 also shows that it is nec-
essary to increase the input voltage drive in order to have the same power levels at
the output. Therefore, for the same transconductance the class B gain is smaller
than the class A gain. In fact, with this transconductance model the power gain is
reduced by 6 dB, which is a drawback for the class B operation mode. Finally,
assuming the same strong nonlinear model and applying oy/n to (3.9), class B
amplifiers show the same value for the Py parameter as class A PAs do, which
again indicates high device stress.

If the high efficiency of class B PAs is to be exploited in a transmitter with
amplitude and phase modulated signals, some kind of correction is required due to
the poor linearity of class B PAs. Class B PAs can be found in transmitters with
digital predistortion, in which the nonlinearities of the PA are read by a feedback
loop and corrected before amplification [2]. Class B PAs can be also found in pulse
width modulation (PWM) transmitters [3]. In this architecture the input signal is
baseband processed so it is separated into a constant amplitude, phase modulated
signal at the carrier frequency and a low frequency envelope signal. The envelope
signal is further transformed into a square wave that modulates the constant
amplitude, phase modulated signal. The resulting signal can be then amplified by
the nonlinear PA. The original signal is recovered by filtering the harmonics at the
output of the PA. In [3] several class B PAs are combined to reach watt level
output power.
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Finally, class B PAs can be also found as auxiliary PAs in parallel to class AB
PAs, forming both linearity and efficiency-enhanced PA architectures [4-6]. These
architectures take advantage of the fact that the power gain of a class B amplifier
increases with increased input amplitude, whereas class A or class AB amplifiers
compress at high input signal levels. In these parallel architectures, the class A
amplifier is the main contributor at low output power levels while the class B
amplifier contributes at high output power levels. The result is that the nonlinear
class B amplifier compensates for the compression of the linear class A or class
AB amplifier when they are properly combined [5].

Class C PAs

Figure 3.9 shows the output and input waveforms of the class C operation mode.
The idea behind class C is to reduce the amount of time that the PA is conducting
by reducing the gate bias below zero so that the drain current consists of a periodic
train of pulses. As the dotted lines in Fig. 3.9 illustrate, the class C PA has low DC
components, but at the expense of lower RF fundamental components and hence
lower power gain than the other current source PAs.

As the gate bias is lowered below zero, efficiency tends to 100 %, but the power
capability also tends to zero. This can be checked by means of (3.9) and (3.10)
with conduction angles oy below 7. Therefore, a trade-off between efficiency and
output power must be chosen. On the other hand, as parameter Py decreases with
the conduction angle, the relative device stress of class C PAs is higher than that of
class A, class AB or class B PAs. This problem is further aggravated by the fact
that the large negative swing in input voltage coincides with the drain and collector
positive voltage peaks, which is an additional problem for low breakdown voltage
devices.

Finally, class C linearity is quite poor, so these kinds of PAs are used mainly for
amplification of signals with constant envelope modulations.

Practical implementations of class C CMOS PAs can be found in applications
requiring low output power levels with constant envelope signals and with dif-
ferential topologies in order to help filter even harmonics [7, 8].

Class C PAs are also useful in the Doherty efficiency enhancement architecture
as the auxiliary PA [9-14]. In the Doherty technique the nonlinear auxiliary or
peak amplifier serves to modulate the output load seen by the linear main or carrier
amplifier so that the efficiency of the overall architecture is kept high for a wide
range of output power levels.
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Fig. 3.10 Power capability 0.2 100
and drain efficiency versus ~+Draln Efficlency
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Summary

Figure 3.10 shows the values of Py and drain efficiency with the conduction angle
(ap) variations for all current source PA classes. Class AB represents a good trade-
off as it has the highest power capability while maintaining good drain efficiency
values and the best linearity.

Switch-Type PAs

Switch-type amplifiers comprise class D and E PAs. The power amplifiers that fall
in this group present high efficiency rates but poor linearity.

Class D PAs

A Class D amplifier is a switch-type amplifier that uses two transistors in a push—
pull configuration that are driven in such a way that they are alternately on and off.
A simple schematic of a class D PA is shown in Fig. 3.11. As the devices are
driven hard enough that they can be considered switches, the PMOS and NMOS
transistors form a two-pole switch that defines a rectangular voltage waveform at
the output of the transistors, as shown in Fig. 3.12. However, as the load circuit
contains an ideal filter, the harmonics of the rectangular voltage waveform are
removed, resulting in a sinusoidal output.

Figure 3.13 shows the drain current waveforms of transistors M; (black line)
and transistor M; (red line) and the drain voltage waveform. Figure 3.14 shows the
voltage and current waveforms flowing into the load. It must be noted that the
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Fig. 3.11 Basic circuit of a Voo
generic class D amplifier T
Mo
_| I: 1 k Voran
/ C() LO VOUT
Vin
_| E 1 I1 RL
My
Fig. 3.12 Equivalent ideal Voo
circuit of the generic class D B
amplifier
l
((o Co Lo Vour
h A

amplitude of the fundamental component of a square wave voltage is 4/ times the
amplitude of the square wave.

The main virtue of class D is its high power capability, i.e. relatively low device
stress. The power capability can be extracted from Figs. 3.13 and 3.14 for each
transistor of this architecture (3.12) [15]. Therefore, the class D operation mode
shows higher power capability relative to class A through C.

(zr,ef)zR 1
2 Lo ~0.16 (3.12)

2Vpp
Vop 72 21

Pour
Py = L _

VDS, max iDS,max

| =

In class D PAs, if transistors operated as ideal switches, efficiency would be
100 % as can be observed in (3.13), in which Ipc is the average of the I; current
waveform, as given in (3.14).
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Fig. 3.13 Ideal drain currents (I, ) and voltage (Vpran) Waveforms of a push—pull class D
amplifier. Drain current waveforms are depicted in black and red for each transistor

2
2VDD)
P nRp .
Py = 100-2C = 100 —2—— = 100% (3.13)
DC Vob 2R
2Vpp
IDC:an(I]) :7[2_& (314)

However, limited switch performance and the large parasitic drain-source
capacitance of transistors cause efficiency to drop well below 100 %. In fact,
switch operation modes in CMOS processes tend to work well only at frequencies
substantially below their transistor fr. In addition, class D PAs alone cannot be
used for applications in which good linearity is required, as their performance is
strongly nonlinear.

Practical implementations of class D CMOS PAs can be found in the handling
of high output power levels at low frequencies in audio applications [16-20].
However, as the switching performance of deep submicron CMOS transistors
improves, class D PAs have attracted the attention of linear PA designers at the
GHz range. The transmitter architectures in which class D PAs are implemented
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Vour

Fig. 3.14 Filtered output current (/oyt) and voltage (Vout) waveforms at the load

and show high performance in the GHz range are the outphasing [21-27] and polar
architectures [28-31]. In these architectures, performance enhancement is pursued
by using nonlinear PAs for amplitude and phase modulated signals that would
require high linearity. In order to achieve this, the input signal is first baseband
processed and decomposed into several signals so that these resulting signals can
be applied to nonlinear PAs.

In the case of the outphasing architecture, the input signal is decomposed into
two amplitude-constant, phase-modulated signals at the carrier frequency. Once
the baseband processed signals have been amplified, they are finally recombined at
the output of the PA in order to restore the original amplitude and phase modulated
signal. The main drawback of this architecture is the need for an efficient power
combiner at the output, which is difficult to integrate in CMOS [32].

The polar architecture separates the input signal into an amplitude-constant,
phase-modulated signal at the carrier frequency and the low frequency envelope
signal. The envelope signal serves to modulate the supply voltage of nonlinear
PAs, and the issues related to PA supply modulation are overcome by means of
different solutions, such as digital modulation [28, 30], PWM [29], A modulation
[31] or pulse density modulation (PDM) [33].
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Fig. 3.15 Schematic view of Voo
a generic class E amplifier

RFC c L

Vin C; A

Class E PAs

The idea behind class E PAs is to soften the hard switching requirements imposed
on the transistors. As mentioned before, at high frequencies the transistor parasitics
spoil its performance as a switch and degrades amplifier efficiency.

In class E, the output voltage waveform is relaxed so that no sharp transition is
required. When the switch is on, an increasing current flows through the RFC
inductor in Fig. 3.15. At the moment the switch is turned off, this current is driven
into the C; capacitor, which causes the drain voltage to rise. The output network
(L and C; in Fig. 3.15) is designed so that the drain voltage returns to zero with
zero slope just before the switch is turned on. Because the switch is closed when
the voltage becomes zero, no switching losses occur. This is referred to as soft
switching or zero voltage switching, (ZVS). Thus, the transistor switch-on
requirements of the class E PA are relaxed compared to the class D requirements.
In fact, the parasitic output capacitance of the transistor can be part of the output
network, which is a significant advantage, especially in CMOS [32]. This output
network also serves to filter the fundamental component to the output

Values for the aforementioned components are given by the following
expressions (3.15-3.17), where Q is the quality factor of the output network [34].

_ ORp
)

1
Cilm————
" w(5.447R))

5.447 1.42

Figure 3.16 shows example values of the voltage and current waveforms. The
voltage and current waveforms are depicted in black for the transistor whereas the
current flowing through C; appears in red.

In the class E operation mode, the theoretical maximum efficiency is 100 %.
However, the switch-off requirements of the drain current (the switch turns off
when current is nearly at its maximum) can still spoil efficiency if the switch is not

L (3.15)

(3.16)
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Fig. 3.16 Drain current (Ipg) and voltage (Vps) waveforms of a class E amplifier with typical
peak values. A square input voltage (Vin) waveform also appears along with the current
waveform of the shunt capacitor (Ic;), in solid red

fast enough [35], so that even in class E a fast switch is important in order to keep
the efficiency high.

Moreover, class E PAs have low power capability. The reason for that can be
observed in Fig. 3.16, in the fact that the peak drain voltage is large. Therefore,
class E stresses the device more than any other previously described PA class; this
is a primary drawback of class E PAs, especially in CMOS breakdown voltage
limited processes. The high peak drain voltage can be relaxed, but it comes with a
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degradation of PA efficiency. This is defined as sub-optimum operation [36]. The
power capability value, for the conditions depicted in Fig. 3.16, is (3.18).
Pour 0.577Vo0/p.

Py = . = v
VDS max!DS,max  3.6Vppl.7 DD/RL

= 0.094 (3.18)

Due to the relaxed switching requirements and its simplicity, class E PAs are
widely used as a high frequency, nonlinear and highly efficient PA in modern
submicron CMOS processes. Practical CMOS class E PA implementations relax
the transistor stress issue by means of several techniques, e.g. stacked transistors,
differential topologies, thick oxide cascode transistors or PA combinations [37-
46].

Class E PAs are also found implemented in several efficiency enhancement
transmitter architectures such as the outphasing architecture [47], the polar analog
architecture [48, 49], the polar digital modulation architecture [50] or other vari-
ants such as the pulse width, pulse position modulation architecture (PWPM) [51].
In this last architecture, the input signal is baseband processed so the amplitude
and phase information is translated into the width and position of a pulse.

Harmonic Tuning: Class F PAs

Class F PAs look for high efficiency performance by properly choosing the value
of the output load at the fundamental frequency and its harmonics in order to shape
the voltage waveform. The idea is to provide high output impedance at the odd
harmonics of the drain voltage and very low impedance to the even harmonics so
that the drain voltage waveform undergoes a squaring effect. This increases the
PA’s efficiency and power capability [52]. In order to create the harmonics the
class F PA is biased equal to the class B PA, so that the current waveform is a half
rectified sine wave. The generic circuit of the class F PA is depicted in Fig. 3.17.
Figure 3.18 shows the drain current and voltage waveforms and the peak values of
the fundamental components.

Fig. 3.17 Schematic view of Vob
a generic class F amplifier tuned to 3
o

Ls / Ls Lon, tuned to @y,

CsLock
Vin I:

Cs /05

tuned to 5@y
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Fig. 3.18 Ideal drain current
(Ips) and voltage (Vpg) Ips
waveforms for a class F

amplifier. Fundamental

component of the current and

voltage waveforms are also
plotted in as a dotted line
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In the circuit of Fig. 3.17, a class F power amplifier implemented with an

infinite number of resonators is assumed so that it allows a perfect squaring effect
of the output voltage by trapping all the odd harmonics. Class F amplifiers are
sometimes designated as a switching amplifier, but this PA can only be considered
a switch-mode PA when an infinite number of harmonics are added. Practical
implementations of integrated class F PAs only implement the third harmonic
resonator [53, 54], and thus the PA transistor has the same drive requirements as a
class B amplifier [32]. This is sufficient for producing significant improvement in
drain efficiency [52], and there are two main reasons for limiting the number of
resonators. The first reason is the low quality factor of the integrated inductors that
limit the number of resonators that can be implemented without excessively
degrading the PA efficiency. The second reason is that the drain-source parasitic
capacitance, which is usually large compared to the size of the transistors, causes a
low-impedance path for the higher harmonics. This results in the reduced ampli-
tude of the higher harmonics and a less pronounced square voltage. Therefore, the

loading network best suited for the integration of class F PAs is based on one
resonator only, and this is usually referred to as third harmonic peaking (3H),

whose circuit is shown in Fig. 3.19.
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Fig. 3.19 Schematic view of Voo
the 3rd harmonic peaking
(3H) class F PA é tuned o3 @,
Lo Ls / tuned to @y

—

CaLock
Vin [ =

Co| Lo R.

The concept of class F can be extended by modifying the output load termi-
nation so that it presents an open circuit to the even harmonics and a short circuit
to the odd harmonics. In this way the voltage waveform would turn into a half
rectified sine wave and the current would undergo the squaring effect. In order to
make that happen, the PA is biased like in a class A PA in overdrive conditions,
resulting in a symmetrical current waveform [55]. This class F configuration is
defined as the inverted class F, class F~' or second harmonic peaking (2H), where
only the second harmonic resonator is implemented. The main advantage of the 2H
class F, when compared to the 3H class F PA, is the lower operating frequency of
the implemented resonator. Its main drawback is the higher peak value of the drain
voltage, which allows lower output power for the same device stress.

One way to get an ideal class F amplifier with an infinite number of trapped
harmonics is to use a A/4 transmission line, as shown in Fig. 3.20 in two possible
configurations [56, 57]. The 4/4 transmission line allows low impedance for the
even harmonics and high impedance for the odd ones, such that the output voltage
is shaped into a square wave. However, the use of a A/4 transmission line will
increase the area required to implement the amplifier, so it can only be reasonably
integrated at high frequencies [32]. The issue of the length of the /4 transmission
line can be reduced if it is approximated with lumped elements, but this comes
with the problem of reduced efficiency due to the low quality factors of the
integrated standard inductors [58, 59]. In [59] the outphasing efficiency
enhancement architecture has been also implemented.

The theoretical efficiency of 3H class F PAs is 88.4 % [52], and it would be
100 % for an ideal class F PA with perfect square drain voltage and half rectified
current waveforms. However, actual efficiency is reduced because of the impos-
sibility of perfectly squaring the voltage waveform, which is due to the parasitic
capacitance and the losses introduced by the networks that are required to shape it.

However, assuming that the voltage waveforms are perfectly squared, the
power capability of this class PA, which is given by (3.19), is equal to class D PA.

4/7'C VI)I)4/TC VD D, )/ 7 T

P
our =—~0.16 (3.19)
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Table 3.1 Summary of the PA classes
Class Modes Cond. angle Output  Max. drain efficiency (%) Gain Linearity
(%) power
A 100 Moderate 50 Large Good
AB 100-50 Moderate 50-78.5 Large Good
Current source

B 50 Moderate 78.5 Moderate Moderate
C <50 Small 100 Small Poor
D Switch 50 Large 100 Small Poor
E 50 Large 100 Small Poor
F SW/CS 50 Large 100 Small Poor
Conclusions

The most interesting classes in terms of their output power capability and effi-

ciency are the switch-mode (classes D

and E) PAs and class F PAs. However,

these PA classes are highly nonlinear so they cannot be directly used for ampli-
fying spectrally efficient signals of modern communication standards. Along with
this, class D PA switching requirements usually make the PA an unattractive
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option for CMOS implementation at high RF frequencies because efficiency is
rapidly degraded. Moreover, although the class E PA relaxes the switching
requirements, it has the problem of high drain peak voltages that are critical for the
reliability in modern CMOS processes. In the case of class F PAs, the output
network required for proper load termination degrades efficiency in practical
integrated implementations.

In spite of the aforementioned issues, the combination of nonlinear PAs using
the outphasing and polar architectures in modern submicron CMOS processes has
attracted designers’ attention. These CMOS processes overcome the switching
requirements of the class D amplifiers while techniques such as the stacked or
thick oxide cascode transistors can be applied to class E PAs in order to improve
PA reliability. However, the complexity of these techniques makes it difficult for
them to be fully integrated in CMOS processes.

The current source operation modes (classes A, AB and B) show good to
moderate linearity. As many communication standards use phase and amplitude
modulation, a PA from this group is a straightforward choice, even when efficiency
is not as high as desired. As we showed previously, class AB presents the best
compromise between linearity and efficiency in practice within current source
operation modes.

Table 3.1 summarizes the performance of the different PA classes in terms of
output power capability, efficiency, gain and linearity.
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Chapter 4
CMOS Performance Issues

Abstract This chapter details how CMOS processes limit the performance of
fully integrated linear PAs. The low Vpp of modern, submicron CMOS processes,
along with breakdown phenomena and hot carrier degradation, are the main
limitations. On top of that, these limitations are also accompanied by other effects
such as reduced output voltage headroom due to the Viygg, the low quality factor
of integrated inductor and transformers, transistor parasitics, substrate losses or
stability issues. All these limitations have a direct impact on the linearity, the
output power levels and the efficiency of PAs.

Low Supply Voltage

The downscaling of CMOS technology in order to improve the performance of
CMOS processes requires the reduction of the channel length (Ly) and the Vpp so
that the transistor size and the power consumption are reduced along with the
improvement of the process speed. Fig. 4.1 shows the predicted evolution of the
Vop and L, for three different CMOS technologies in the years to come, dem-
onstrating that channel length and supply voltage reduction is an unavoidable fact
in nm CMOS processes [1].

Although this evolution in CMOS technology is undoubtedly beneficial for
digital circuits, it is not the case for analog devices and it is highly detrimental for
PAs in particular because, at shown in Chap. 3, the linear output power capability
of a PA is directly related to the value of the Vpp that the PA can deal with.

Effect of the Knee Voltage

As introduced in Chap. 3, the Vgngg parameter is extremely important in PAs
because it imposes an extra limitation on the drain voltage swing and therefore on
the maximum linear output power [2]. In submicron CMOS processes its effects
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Fig. 4.1 Predicted evolution of the supply voltage and threshold voltage for different CMOS
technologies. Source ITRS 2011

must be taken into account as it may constitute a considerable percentage of Vpp.
The effect of the Vgngg parameter was included in an idealized Vpg—Ips model in
Chap. 3 as a first approximation. However, as shown in Fig. 4.2, the Viyngg is not
so easily quantified in a more realistic Vps—Ips model but its effect is also the
same; it reduces the maximum drain voltage headroom because the voltage should
not swing down to zero.

As shown in the Vps—Ipg curves in Fig. 4.2, the Vigngg can be identified with
the saturation drain voltage parameter (Vpgat). The Vpgar is the minimum Vpg at
which the transistor is still in saturation and thus Vpgat is equal to Vgs—Vry [3].

When the drain voltage swings down to Vkngg the transistor enters the con-
ductive region, which means that the I/pg drops and the maximum linear output
power is consequently reduced. There is a way to recover some of the PA per-
formance by reducing the drain voltage swings so that the transistor does not enter
the conductive region and the drain current swings are not affected [2]. However,
the performance of the PA in terms of linear output power will be always degraded
due to the reduced voltage swing from Vpp to Vpp—Vinee. As already shown in
Chap. 3, if Vgng is considered the maximum linear output power is (4.1).

(Vop — VKNEE)2

4.1
2Ropr @D

Pour =

The effect of Vingg on the Poyt can be quantified based on (4.1). If a 0.5 Watt-

level 1 V Vpp PA is chosen, the linear output power reduction can be observed in
Fig. 4.3 in terms of the percentage of Vxngg With respect to Vpp.
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It can be seen that the maximum linear output power is halved if the Vingg
reaches 50 % of the Vpp. Although a Vgngg being 50 % of the Vpp may sound
exaggerated, the trend in technology does not say so [4]. Therefore, the scaling-
down of the CMOS technology does not only impose the problem of low Vpp but
also that of limited output voltage headroom due to relatively high Vingg. The
effect of the Vingg must always be taken into consideration in PA design. In fact,
the model presented in Chap. 6 introduces this effect in order to have a more
realistic calculation of linear CMOS PA performance.
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Load Transformation

The previous sections have shown the problems that low Vpp and high Vigngg pose
for the performance of linear CMOS PAs. The question now is what the possi-
bilities for overcoming these limits are. From Chap. 3 it can be concluded that in
order to increase the linear output power, there are basically only two main steps
that can be taken:

1. Increase the Ig: this would increase the Poyr through Ry oap reduction in order
to keep the maximum swing of the output voltage constant.

2. Increase the Vpp: although digital circuits tend to use the lowest Vpp possible,
this is not necessarily the case for analog circuits. Increasing the Vpp will also
reduce the impact of the Vgngg.

If we focus on the first option, although it works, several negative side effects
arise.

Increasing the I, requires aggressive load transformation. In the aforemen-
tioned example of a 0.5 Watt-level PA with a Vpp of 1 V, even if the Vingg effect
is not considered, a 50:1 load transformation ratio would be required from the 50 Q
of the next component, which is usually the antenna. For fully integrated PAs, any
load transformation requires the use of integrated inductors or transformers with
low Q due to the highly conductive substrate and thin metal tracks in standard
CMOS processes. Integrated inductors and transformers are therefore very lossy
and have a considerable impact on PA efficiency. On top of that, the higher the
load transformation needs to be the higher the losses will be [5]. If the simple high-
pass downconversion network in Fig. 4.4 is taken as an example, with a
0 = 15@5.5 GHz for the inductor modeled by a parasitic series resistor rp, the
efficiency of the network is the one observed in Fig. 4.5.

Efficiency is defined in this case as the ratio of the power dissipated at the load
in the lossy network vs. the network with no loss. Note that in a 0.5 Watt-level PA
with 1 V of Vpp, 40 % of the output power would be wasted on the output network
parasitic resistor with a dramatic impact on PA efficiency. Again, the model

Fig. 4.4 Schematic view of
the high-pass
downconversion network |/
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presented in Chap. 6 will quantify the impact of this effect on PA efficiency and the
output power.

Another side effect comes from the fact that high current levels flowing through
limited conductive metal tracks cause noticeable voltage drops. It must be borne in
mind that metal tracks with limited conductivity and low Q drain inductors are
placed in the DC current path in fully integrated PA. As the inductor shows no
negligible parasitic resistance, the actual Vpp gets reduced. A parasitic DC resistor
of 1Q would spoil the performance of a 0.5-Watt level PA with a Vpp of 1 V
because the theoretical voltage drop would be 0.5 V!

In addition, any integrated process limits the maximum current density flowing
through a metal track. A value of a few units of mA/um is given to the different
metal layers of any CMOS process along with a limit for the maximum metal track
width. Therefore, if higher currents are necessary, the need for wider metal will
increase the parasitic capacitance and the losses. A way to reduce the metal track
width is to connect several layers in parallel by using vias, which also solves the
problem of the maximum metal track width. However, the distance from the
resulting metal track to the substrate decreases, which counteracts the parasitic
reduction.

Finally, high currents cause problems for the transistors that must deal with
them. The CMOS process sets a limit to the maximum current level a transistor
must withstand through its channel. This is not a crucial problem because tran-
sistor width is usually high and an interdigital topology with a large number of
fingers is employed. However, high current levels force higher power dissipation
to the device. This causes a rise in the temperature and a corresponding worsening
of the process performance. At high temperatures carrier mobility decreases, and
the transistor either shows a higher threshold voltage or the maximum current
density of the metal tracks is reduced.

The final consequence of excessively high current levels is that the efficiency of
the PA would be unacceptably low for the final application, either because the
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output power is not high enough or because the current or power consumption is
too high. What can be done to avoid these negative effects? The answer is to
choose the second option: increase the Vpp. In fact, an increase in the Vpp not only
allows higher output power levels, it also alleviates the problem of low voltage
headroom or high power transformation.

All these issues indicate that whenever the Vpp can be increased, that is the best
solution. However, the Vpp only can be increased to a limited extent because it
comes with a negative side effect: reliability issues due to breakdown phenomena
and hot carrier induced degradation [6].

Reliability Issues

Reliability issues come from the fact that the downscaling of the L, and Vpp must
be followed by a subsequent reduction in oxide thickness (7,) in order to control
the short channel effects. This is observed in the predicted evolution for three
different CMOS technologies given in Fig. 4.6.

As t,x is scaled down, the electrical fields in the oxide layer increase and
consequently the performance of the submicron transistors is compromised due to
reliability issues. These issues are caused by different phenomena that place in the
oxide layer and the channel of the CMOS transistors. The ones that are most
critical for PAs are gate oxide breakdown and hot carrier degradation.
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Fig. 4.6 Predicted evolution of oxide thickness versus the gate length in CMOS technologies.
Source ITRS 2011
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Oxide Breakdown

Oxide breakdown phenomena take place when carriers (electrons in NMOS and
holes in PMOS) in the transistor channel gain sufficient energy to tunnel through
the energy barrier between the silicon and the oxide under the influence of high
electrical fields. Oxide breakdown events are typically classified as soft breakdown
or hard breakdown, depending on the consequences in transistor performance.

Asobserved in Fig. 4.7, oxide breakdown begins when the electric field across the
gate dielectric causes the generation of electrical defects or traps in the oxide layer. In
the first stages, the density of the traps is still low, so the traps are isolated. However,
as the density of the traps in the oxide layer increases, they start to overlap so that a
conduction path is created and breakdown occurs [7]. In such a situation, the leakage
current of the device increases noticeably with respect to the defect-free device. This
type of breakdown is defined as soft breakdown because only few conduction paths
still exist in specific spots. For modern CMOS processes in which ultrathin oxides
and lower voltages are employed, the soft breakdown is more frequently observed
than hard breakdown [8]. Soft breakdown phenomena may not destroy the func-
tionality of a device, but it causes strong performance degradation [9-11].

In the next stage, as shown in Fig. 4.7, these conduction paths allow the generation
of new traps due to the increase in heat and layer conductance so that the breakdown
spot is laterally propagated [12, 13]. The final stage is that the silicon within the
conduction path melts, releasing oxygen so that a silicon path is created. This situ-
ation is defined as hard breakdown of the oxide layer [12]. After a hard breakdown,
the transistor is nonfunctional as a result of the damage from the gate oxide [14].
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Isolated Traps \ thermal damage Sy
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Fig. 4.7 Evolution of the gate-oxide breakdown, hard and soft breakdown through the creation
of traps in the oxide layer



64 4 CMOS Performance Issues

Fig. 4.8 Hot carrier
degre.ldation in a MOS G Traps
transistor 5
OO0
m le
Bulk
current

Hot Carrier Degradation

This phenomenon is another manifestation of degradation in transistor character-
istics, but whereas the breakdown phenomena are seen when there is no potential
difference between the source and the drain, hot carrier stress take place under the
influence of high lateral fields in the channel. As observed in Fig. 4.8, carriers
traveling through the channel can gain sufficient kinetic energy and create an
electron—hole pair through impact ionization within the channel. The holes enter
the substrate and lead to the substrate current, while the electrons enter the gate
oxide [15].

The hot carrier phenomenon degrades charge mobility and consequently the
Vru and g, characteristics of the transistor are also affected [9, 16]. Therefore, in
MOS transistors, the performance degradation due to hot carrier stress can be
examined via device parameters such as transconductance degradation, threshold
voltage increase or mobility shift [10].

Transistor performance degradation due to hot carrier is gradual over a period
of time and becomes evident during the first few hours of continuous operation [6,
17]. It is not a catastrophic phenomenon, but as hot electrons enter the gate, they
may create traps so that they contribute to the oxide breakdown phenomenon. In
fact, the existence of channel hot carrier decreases the time to CMOS transistor
breakdown [18].

Hot carrier degradation is noticeable in a transistor if a high drain-source
voltage and a large drain current are found at the same time. From a circuit design
perspective, hot carrier degradation could be prevented by avoiding high channel
current levels when drain voltage is high. This is an ordinary situation in a switch-
type PA because their high efficiency is achieved precisely by avoiding simulta-
neous high drain voltage and current. However, it can be a serious issue in a linear
power amplifier [19].
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Reliability Projection

The reliability of an integrated process is the foundry’s guarantee that the per-
formance of the CMOS process remains within specification for a determined
period of time. From the point of view of oxide breakdown, the usual definition
adopted by the microelectronics industry is that after a certain amount of time
(years) of operation at the nominal conditions only a small number of devices (e.g.
100 ppm) can be broken [20].

Although the definition is clear, the main difficulties come from the way these
data are obtained. Logically, it is not possible to test a large number of transistors
for several years, so some kind of accelerated stress condition tests must be per-
formed. Multiple tests and techniques exist for the evaluation of CMOS reliability,
but the time dependent dielectric breakdown (TDDB) test is the standard meth-
odology for developing operating lifetime reliability projections [21]. The TDDB
is then a measure of the oxide breakdown that occurs over time due to trap
generation at normal voltage but based on stress conditions for the transistor until
breakdown takes place. The TDDB tests are described in statistical terms because
the breakdown phenomena are also statistical: two identical devices subjected to
the same stress may break down at different times. That is why for a specific
CMOS process it is possible to define only a failure probability as a function of
time.

Based on this type of test, an extrapolation curve is generated in order to project
the reliability of devices under real operating conditions. At the present time there
is no agreement regarding the correct oxide-reliability extrapolation in modern
CMOS processes though several physical mechanisms, e.g. the percolation model,
and computational models, e.g. the anode hole-injection model (AHI), have been
developed in order to obtain accurate results [14].

The process of projecting the reliability of a CMOS process is then based on
several relatively short-term accelerated tests, such as the TDDB, to which failure
mechanisms and breakdown projection models are applied. This procedure pre-
dicts a device lifetime based on the magnitude of the electric field across the gate
oxide or the gate voltage (usually depending of the thickness of the gate oxide
layers [22]), as shown in Fig. 4.9.

The reliability test for transistors is transferred to transistor models for simu-
lations. The usual parameter that sets a limit concerning device reliability is the
oxide breakdown voltage parameter (vbox), which is numerically related to
the transistor oxide thickness parameter by means of the maximum field across the
oxide layer. A typical relation between vbox and 7, in the Spectre BSIM transistor
model is expressed in (4.2), which in the end reflects that the reliability of the
transistors is ensured for a field strength of less than 10 MV/cm.

vbox(V) =1 10° % t,,(nm) (4.2)

It must be noted that the field across the bottom of the gate oxide is not constant
along the source to drain region, so the device stress is a function of position, as it can
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be observed in Fig. 4.10. The highest stress areas occur at the source and drain oxide
edges. Therefore, in PA design the gate-to-source (Vgs) and the gate-to-drain (Vgp)
voltages what the designer should focus on in order not to exceed vbox [19].

Reliability Under RF Stress

The aforementioned models predict CMOS process reliability by means of the DC
gate voltage values, but transistors in PAs suffer from RF voltage stress. In general,
PA transistors are biased with voltages below the breakdown limits in order to
ensure reliability, but RF peaks usually exceed the breakdown voltage limits of the
technology. Several studies indicate that CMOS reliability is preserved while
allowing operating voltages that exceed the breakdown limit at high frequencies
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[11, 23], and the crucial parameter is the rms level of the applied voltage instead of
the maximum values of RF peaks [11].

On the other hand, what is important to a PA designer is predicting the impact
of degradation not for the PA transistors but primarily for the overall PA perfor-
mance. In terms of RF performance degradation, the soft breakdown and the hot
carrier degradation are the most important issues. There are several studies in the
literature that quantify the effects of soft breakdown and the hot carrier injection
on different RF circuits [9, 10, 24-26]. As mentioned previously, results show that
PAs may suffer degradation during the initial stress stages and that the perfor-
mance of the PA is gradually stabilized. Even the previous performance can be
recovered by modifying the transistor gate bias [6].

The rule of thumb, then, in the design of reliable PAs is to bias transistors with
DC voltages and allow a certain RF voltage swing overdrive that may cause
certain degradation that is stabilized over time. The RF overdrive must be studied
for the specific PA and CMOS process so that the stabilization of the performance
is observed. This design procedure should be also combined with techniques that
allow the voltage stress to be relaxed, such as the use of cascode transistors or
differential topologies [9, 27, 28].

Transistor Parasitics

The fact that CMOS transistors require low supply voltage for reliable perfor-
mance along with their relatively low transconductance forces the transistor size of
the PA output to be increased. However, large transistors are accompanied by high
transistor parasitics which degrades the overall performance of the PA in several
ways.

First, large output transistors present large input capacitance and thus an
increase in the loading requirements for the driving stage. This results in higher
power consumption of the driver stage, and consequently reduced efficiency [29,
30].

In addition, the linearity of the PA is also degraded because PA linearity is
highly affected by the transistor parasitic capacitances that are the cause of the
AM-PM distortions [31].

Finally, the stability of the PA is compromised due to the feedback paths
provided by the parasitics. For example, the increase of the drain-to-gate capaci-
tance of the output transistor is a main source of instability because it reduces the
unilateral behavior of the transistor [31, 32].
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Substrate Issues

Standard CMOS processes are fabricated on a bulk silicon substrate with a doping
level that drives the substrate resistance to a value of about 10 Q-cm [28, 33]. The
conductive nature of the substrate is a primary reason for the losses on both passive
and active devices, and in particularly for the low quality factor of passive com-
ponents, mainly the planar inductors and transformers fabricated on top of the
substrate. The relatively high capacitive coupling effect (given the short distance to
the substrate) and the current losses induced in the substrate (such as the eddy
currents and conductive or displacement currents) are behind the low quality factor
values of planar inductors and transformers [34]. The losses in silicon can be
reduced by using ground-shielding techniques between the inductor and the silicon
substrate. Ground shielding may lead to an increase in Q, but in this case at the
expense of a reduction of the self-resonant frequency which can be an important
issue if wide track inductors are required. In general, the losses in the silicon
substrate of standard CMOS processes cannot be eliminated without any other
degradation of the inductor characteristics [35].

Another issue related to the use of conductive substrate concerns to stability.
Conductive substrates may create feedback paths between the input and the output
of amplifying stages. This effect must be considered and measures such as stage
isolation should be taken. The use of substrate contacts on the surface of the
silicon substrate between the stages is a proper measure as these contacts provide
a proper return path to ground for potential substrate currents flowing through the
substrate [34].

Stability Issues

Stability is a major concern for any type of RF and microwave amplifier. In the
case of PAs this problem is exacerbated, as PAs may exhibit several types of
instabilities simultaneously. In addition to linear feedback mechanisms, which are
a cause of oscillation in any amplifier, strong nonlinearity conditions in PAs are
also a source of instabilities [36, 37].

In general, PA instabilities can be divided into two main sources. The first
source comes from the instabilities caused by the transistor capacitance parasitics,
combined with parasitic circuit inductances. For example, the gate to drain feed-
back capacitor in conjunction with the drain inductor is a source of potential
instability [31, 32, 36]. The second source is the instability created by the com-
bination of bypass capacitors, along with the parasitic ground and supply induc-
tances of the bondwire or supply line connections [36].

In general, these problems can be solved by adding a series resistor to the loop
causing the instability, thus reducing the quality factor of this loop. However,
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adding a resistor may cause performance degradation of the PA so that using the
proper stabilization mechanism is crucial in order to minimize that degradation.

In addition, potential unstable sources are multiplied in the case of multistage
PAs given the increase of loops that may create the instabilities. For example, an
extra potential instability can be caused by the input capacitance of the transistor
of the output stage combined with the drain inductor of the driver stage.

The aforementioned first source of instability can be solved by using RC
feedback networks between the drain and the gate of the transistor, although this
produces the negative effect of gain reduction [38—42].

With this type of instability the use of the cascode transistor is also of help
because it makes the stage more unilateral as it isolates the output from the input of
the transistor, and hence the stage is more stable [33, 43]. In this way, the use of
the cascode transistor not only allows the PA to handle greater output power levels
but it also improves PA stability. However, the cascode transistor itself can be also
a source of instability due to the insufficient AC grounding of the common-gate
terminal of the cascode transistor [31, 33]. If the parasitic inductance between the
gate and ground of the cascode transistor is high enough, it can force the PA to
oscillate due to the inductor capacitance parasitics, as can be observed in Fig. 4.11.

The input impedance at the gate of the cascode device (ignoring the gate to
drain parasitic capacitances) is (4.3).

1 1 gm
R S
]wch JjoCcs @ Cg‘vCCS

Ziy = (4.3)

Where Ccg is the equivalent output inductance of the common-source transistor
and Cg, is the gate-to-source inductance of the common-gate transistor. As (4.3)
shows, the input impedance real part has a negative component. This means that the
circuit may oscillate if a parasitic inductance is connected to the gate of the tran-
sistor. This potential oscillation can be solved by introducing a series resistance to
the gate of the cascode transistor because it reduces the Q of the network. In order to
keep the stage stable, the value of the series resistor must be high enough to coun-
teract the negative component of the input impedance real part (4.4).
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The second source of instability is usually solved by reducing the quality factor
of the bypass capacitor that is placed at the supply lines to allow low impedance
AC grounds [31, 36, 44]. The penalty in this case is that the impedance of the
bypass path is raised and some ripple may appear [45]. This type of instability can
be also avoided by increasing the number of bondwire connections but this in turn
requires greater area on the chip [46]. Using series resistors in the supply and
ground lines in order to reduce the Q of the instability loop must be avoided as
these resistors greatly degrade the performance of the PA.

As mentioned above, instability problems are aggravated in the case of mul-
tistage PAs. Due to the parasitic inductance on the ground, an AC voltage (ground
bounce) is created. The AC voltage causes degeneration that reduces not only the
gain and PAE of the PA but in a multistage amplifier the on-chip ground bounce
may also cause undesirable feedback between stages and instability [47]. In order
to suppress this local feedback between stages, each stage should be isolated on-
chip and be ultimately connected to the off-chip ground plane with separate
bondwires. Again, this comes at the cost of greater chip area if many ground pads
are required. Another measure to isolate the stages is to use of transformers
between stages; this may improve stability at low frequencies due to the high-pass
characteristic of the transformers [31, 48]. Special care must be taken, however, in
order to avoid positive feedback due to the coupling effect between the output and
the input of the PA [49, 50].

The use of a differential configuration is helpful when tackling stability issues. It
is true that the differential configuration is not immune to instabilities because
common-mode oscillations may take place [36, 51]. However, the symmetries of the
differential PA can be exploited in order to create virtual AC grounds in the com-
mon-mode connection nodes so that those nodes carry only current at dc and even
harmonics [52, 53]. In such a situation, the amplifier performance is desensitized
from the ground and supply parasitic inductances [46, 52]. For that reason, in the
differential configuration, the resistors can be connected in the common-mode paths
at the virtual ground in order to stabilize the circuit but they do not degrade the
performance of the differential amplifier at RF [47, 48]. Note that supply and ground
separations between stages are only feasible in differential circuits for differential
signaling provides a specified signal current return path [51].

Conclusions

This chapter has discussed the main limitations and issues that the CMOS tech-
nology imposes on the design of linear CMOS PAs and that the designer must deal
with. It is crucial that these limitations be taken into account when designing linear
CMOS PAs for a specific communication standard so that the appropriate CMOS
process and PA architecture are chosen in order to meet the requirements. Any
CMOS PA design can easily fail, resulting in a considerable waste of time and
engineering effort whenever any of the CMOS limitations are disregarded. The
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model discussed in Chap. 6 will be of great help as it covers many of these
limitations. Preliminary results of PA performance can be extracted while avoiding
long simulation times.
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Chapter 5

Enhancement Techniques for CMOS
Linear PAs

Abstract This chapter describes different techniques that are of interest for
boosting the performance of fully integrated CMOS linear PAs. Not only have
these techniques been proved to boost linear PA performance, but they can also be
fully integrated into a single chip. From the simple use of the cascode transistor or
the differential topology to more complex techniques such as the Doherty PA,
predistortion, supply modulation or PA combination, these topologies allow the
performance of a single PA to be improved in terms of efficiency, linearity or
increased output power levels without jeopardizing the full integration of the final
solution.

Cascode PAs

As mentioned in Chap. 4, the reliability issues of the CMOS transistor play an
important role in the output power levels and the efficiency of the PA. For high
efficiency, the PA output voltage may swing up to nearly 2Vpp and therefore the
supply voltage must be limited in order to avoid stressing the CMOS device.
However, as also discussed in Chap. 4, the possibility of using a higher supply
voltage has several advantages in terms of efficiency, as we avoid excessive
current levels and load transformation.

One way to relax the voltage stress of the CMOS transistor that acts as a
common-source (CS) in the output stage of the PA is to stack a common-gate (CG)
or cascode transistor on top of the CS transistor, as illustrated in Fig. 5.1. The
cascode transistor limits the Vpg excursions of the CS because CS transistor Vpg
voltage must be below Vpp—Vry so as to keep the CG from entering cut-off.

As mentioned in Chap. 4, when dealing with oxide breakdown, the Vgp and
Vgs voltages are the ones to observe. In the cascode configuration, only the Vgp is
the voltage to focus on, as it can show the highest voltage excursions. As men-
tioned above, the CS transistor experiences small voltage swings and the PA can
be easily designed so this transistor is stressed below the breakdown limit. On the
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other hand, as the gate of the CG transistor is usually biased at Vpp, the cascode
transistor is stressed on the gate-drain region by a voltage of approximately Vpp
[1, 2], which is lower than a single transistor case. Therefore, as observed in
Fig. 5.2, the gate oxide stress is shared by both the CS and the CG transistors so
that the supply voltage can be then increased.

In terms of hot carrier degradation, the CG transistor sees the highest transistor
stress, but for the same Vpp it is still lower than a single transistor case due to the
presence of the CS transistor. More importantly, the peak voltage value occurs
when the transistor current is at a minimum, which also helps to reduce the hot
carrier effect [1].

The use of the CG transistor has another advantage; it improves the stability of
the PA because the isolation between the input and the output of the stage
increases [3]. This is particularly important when referring to power amplifiers, as
the stability of the PA is crucial for a device dealing with large signals.

However, the main drawback of the cascode PA is the reduced headroom of the
output voltage due to the fact that now two transistors are stacked between Vpp
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and ground so that the overall Vingg is increased. This degrades the efficiency of
the final PA if compared to a CS-only PA.

On the other hand, the voltage stress of the cascode PA is not equally shared by
the CS and CG transistors. If Vg is observed in Fig. 5.2, the Vpg voltage swing of
the CG transistor becomes larger than that of the CS transistor. Therefore, the CG
transistor is now the bottleneck in terms of PA reliability [2]. Still this imbalance
of the cascode PA can be overcome by the following techniques.

Thick Oxide Cascode PAs

It is not unusual in standard CMOS processes to offer thick oxide transistor
devices, usually with greater gate length so they are equivalent to the devices of
the former CMOS processes. As discussed in Chap. 4, these thick oxide devices
can tolerate much larger voltage swings. Therefore, a way to overcome the
aforementioned limitation is to replace the CG transistor of the cascode PA with a
thick oxide transistor so the reliability of the overall PA is ensured. Although this
solution is used in practice [4-11], it has a drawback because the thick-oxide
transistor presents worse high-frequency performance relative to the CMOS pro-
cess standard device. At high frequencies, the thick-oxide device can then provide
a lower gain at RF that should be compensated by, for example, increasing the gain
of the driver stage [2, 4].

Self-Biased Cascode PAs

A different way to solve the imbalance issue of the conventional cascode PA is by
properly biasing the gate of the CG transistor so that the stress level of both the CS and
CQG transistors is balanced [2, 5, 12—-14]. This can be achieved by means of the mod-
ification in Fig. 5.3, which is referred to as the self-biased cascode configuration [2].

Fig. 5.3 Schematic view of a Vop
CMOS PA in the self-biased
cascode configuration Rg
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Through the resistor Rg, the gate of the CG transistor tracks the output voltage.
Capacitor Cp is added as a low pass filter in order to limit the voltage swing at the
gate to a fraction of the output voltage. With such a configuration, the voltage
swing at the gate of the CG transistor follows in phase with the output voltage. As
a consequence, the Vpg of the CS transistor rises as well so that both transistors
experience the same maximum Vgp voltage, as depicted in Fig. 5.4. However, the
main drawback of this configuration is that as the gate voltage of the CG transistor
follows the RF variation of the output voltage in both positive and negative swings
around the gate DC value, a lower gain performance is obtained if compared to the
conventional cascode configuration. Still the gain remains larger than that of the
CG thick oxide transistor solution [2].

The self-biased cascode solution can be improved if a resistive-diode branch is
connected in parallel to Ry so that the positive swings at the gate of the CG transistor
can be made larger than the negative swings. Proper value of the resistor and size of
the diode allow the average voltage of the CG transistor to be specified [2].

A different version of the previous resistive feedback network is to use just a
capacitor between the drain and the gate of the cascode transistor acting as a
capacitive bias network [11]. This gives the flexibility to bias the gate of the
cascode transistors to a voltage that is different from Vpp. This scheme is useful in
differential PAs because in PA linear operation the drain voltages of the cascode
transistors are equal in magnitude and opposite in phase so their gate voltages do
not move due to a virtual ground. Hence, the feedback capacitor does not sig-
nificantly impact the gain of the PA. However, as the drain swing increases and the
drain voltages become asymmetric, the cascode gate voltage starts tracking the
drain voltage similarly to the previous configuration.
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Multiple Stacked Cascode PAs

In principle, the stacking process could be extended to more than one CG transistor
[15-19]. This would have the advantage of overcoming the breakdown voltage
limit of CMOS process and increasing the Vpp and hence the output power levels.

In such a case, high output power levels can be achieved without requiring high
output impedance transformation ratios so that the output matching network would
present lower losses. This could compensate for the extra knee voltage of the
stacked configuration so that efficiency can be kept high. In addition, the input
impedance of the circuit is high compared to a single, wider transistor designed to
offer the same output power levels, so the requirements of the driver stage are
relaxed [20].

An example of a circuit using three stacked cascode transistors is shown in
Fig. 5.5 [15, 16]. The resistive voltage divider (R1 to R4) is used to provide proper
gate biasing of stacked transistors. In addition, this solution makes use of a
capacitive voltage divider, which consists of the gate-to-source capacitance of
each transistor and an external gate capacitor. The external capacitors are sized to
enable the same drain-to-source, gate-to-source and drain-to-gate voltage swings
for each transistor. These capacitors also adjust the input impedance of the middle
and top transistors, so that the bottom and middle transistors see the optimum load
impedance. The output voltage swings of all three transistors are combined in
phase so that the voltage swing at the drain of top transistor is approximately three
times higher than the drain-to-source voltage swing of each of the three transistors
while the stress of transistors is still kept low.

However, this configuration has several limits. First, at high frequencies the
gain is degraded due to presence of Cg in the output impedance [15]. The three
transistors will also see slightly different drain currents due to currents leaking out
through C,. This makes the shaping of the voltage waveforms more difficult in

Fig. 5.5 Triple-stacked Vbb
cascode PA

VBIAS

Vps=3Vps| Ouput

I_> matching
3Ropt

VOUT
-3 Vor=2Vog

.|H TZHOPT

_ 4 Wboi=Wos

TROPT

—o

Input
matching

Vin

R

HW
&2 Sy )
)
¥



80 5 Enhancement Techniques for CMOS Linear PAs

order to achieve high efficiency operation for all transistors simultaneously [15].
Secondly, in a standard CMOS process the bulk is connected to a fixed electrical
potential (usually ground) and the drain-bulk diode experiences a reverse bias
proportional to the absolute drain voltage. This diode has a limited reverse
breakdown voltage. Although this breakdown voltage is relatively high in today’s
CMOS processes [21], the reverse breakdown voltage of the top transistor can
become the limiting factor in the reliability of this PA type [15]. Finally, the
performance of the PA is compromised by the source-body capacitance and body
effect that progressively reduce the gain of the transistors in the upper sections of
the stack [15].

Therefore, although examples of stacked cascode PAs can be also found in
standard CMOS processes [18], this configuration is more suitable for CMOS
process in which the bulk of the transistor is isolated as silicon-on-insulator (SOI),
silicon-on-sapphire (SOS) or triple-well CMOS technologies [15-17].

Combined PAs

A different way to overcome the limits that a low Vpp imposes on the output
power levels and the efficiency of a CMOS PA or to improve linearity is to
combine several PAs in parallel. However, if a fully integrated PA is still desired,
the power combination must be done carefully because the required output com-
bining topology must show low losses in order to avoid degrading the efficiency of
the overall PA. Several techniques allow PA combining while preserving the
efficiency, the linearity and the output power of the resulting PA.

Integrated Transformer Power Combining

This architecture explores the advantages of the combination of several amplifier
stages with an on-chip output transformer in order to increase the resulting output
power. The simplified architecture is shown in Fig. 5.6. As can be seen, the
combination of the stages is performed at the output by means of several 1:1 on-
chip transformers in which the secondary inductors are connected in series. This is
referred to as series combining transformers (SCT). The combination of the
transformers will transform the load impedance to a lower value (ideally the
reduction factor coincides with the number of stages) seen by each unit amplifier at
the primary inductors and it will also combine the power generated from each unit
amplifier at the secondary inductor. As this topology only requires 1:1 trans-
formers, they can be integrated with reasonable quality factors if compared to a 1:n
transformer [3].

As Fig. 5.6 also shows, the supply voltage (Vpp) is distributed to the transistor
drains in the center of the primary inductors of the transformers and tuning
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Fig. 5.6 Power combined PA

capacitors are placed in parallel to the transformer. The input network serves both
to match the input driver and to split the input power to the different output stages.
It can also be implemented as an input transformer [11, 22, 23] or LC matching
network [24].

Although 1:1 transformers can be acceptable when integrated in efficient PAs,
these transformers still show losses that must be minimized due to the high current
flowing through them. A practical implementation tries to overcome the losses of
the output transformers by making use of slab inductors [21, 22, 24], i.e. inductors
that are formed by a straight piece of metal and are known as distributed active
transformer (DAT). This solution allows inductors with high quality factors but at
the cost of a low coupling factor between the primary and secondary inductors of
the transformer [3]. Other solutions reduce the losses by using one-turn inductors
[25, 26]. The layout of the output transformer can be modified to an 8-shape
configuration and the use of double winding in the primary inductor for further loss
reduction [26, 27]. However, if this last configuration is used, it must be noted that
the primary inductors are not symmetric with respect to the secondary inductors
and this introduces some amplitude and phase mismatch that must be taken into
account [11].

In addition, the proposed transformer topology can dynamically modulate the
load seen by each unit stage and so it is possible to keep the efficiency high at
lower power levels. When the input power level is reduced to a certain power
level, it is possible to switch off one or several of the output stages. In such a case
the load seen by each of the on stages increases as the number of the on stages is
reduced. The consequence is that output voltage returns to its maximum value and
hence the efficiency of the overall PA is recovered [28]. It must be also noted that
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with the use of slab inductors, this topology cannot perform efficiency enhance-
ment at power back-off because the AC grounds required prevents the individual
stages from being switched off.

In practice, the switching on and off of the stages may vary the input matching, so
certain measures such as the use of cascode transistors should be considered in order
to keep the input impedance as constant as possible when the power amplifier is
reconfigured. Moreover, when the unit stages are turned off, they can affect the load
that is seen by the remaining stages because some power is transferred from the
secondary to the primary inductors of the stages in off state. In order to reduce the
power transfer from the secondary inductor to the primary inductor of the off stages,
the stages should present an open or short load to the transformer. This can be
achieved by first switching out the tuning capacitor at the primary side of the
transformer off stages and by shorting the terminals of the primary inductor [28].

A different approach to the previously described SCT topology is to use a
parallel combining transformer (PCT) topology in which the secondary inductors
of the unit stage transformers are connected in parallel instead of being connected
in series. The advantage of such a configuration is a reduction of the secondary
inductor losses due to a reduction of the current flowing through them but at the
cost of a larger area and a lower self-resonant frequency [29, 30]. Moreover, the
PCT requires higher turn ratios in order to get the same output impedance com-
pared to a SCT, which increases the losses in practice [11]. On the other hand, a
combination of SCT and PCT topologies is also possible in order to combine the
advantages of both transformer topologies in a parallel-series combining trans-
former (PSCT) topology [24]. The three topologies can be observed in Fig. 5.7.

The stability of this PA topology must be checked because a combination of
internal feedback (due to transistor parasitics and drain inductance) and external
feedback mechanisms (due to bypass capacitors, ground and supply line induc-
tance) can lead to common mode oscillations. Potential instabilities can be solved
by adding gate resistance, which degrades the gain, or by degrading the Q of the
bypass capacitors [31].

Simple Parallel Combination

This topology combines two stages in the current domain with the aim of
enhancing linearity and efficiency. Thus, as observed in Fig. 5.8, by simply con-
necting the output of a class A stage and class B stage the linearity and the
efficiency of the combination can be enhanced compared to a single class A stage.
This configuration takes advantage of the transconductance performance of the
class B PAs [5, 6, 10]. One property of the class B stage is that its transconduc-
tance and resulting power gain increases with increasing input levels, just the
opposite of the transconductance performance of a class A stage. Therefore, it is
possible to combine both transconductances in order to improve the linearity of the
resulting stage [6], as can be observed in Fig. 5.9.
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Fig. 5.7 Simplified schematic diagram of the PCT-based (a) SCT-based, (b) PSCT-based,
(c) CMOS PAs

In order to optimize the linearity of the combined stages, an appropriate tran-
sistor size ratio must be chosen; in this case the class B transistors need to be four
times larger than the class A transistors [6].

The efficiency of this configuration is almost the same as that of a class A
amplifier at low power levels, and it closer to the efficiency of a class B amplifier
at high power levels. This is because the two stages contribute to the majority of
the gain and the current consumption at different input power ranges. At low
power levels, the class B stage has almost no current consumption, whereas at high
power levels the class B power contribution enhances efficiency.

This topology has several drawbacks, however. The first is that the gain of the
parallel combination is low due to a lower overall effective transconductance. The
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second drawback is that the output load must be low enough to keep compression
from taking place at the input rather than at the output of the combination;
otherwise, if the transistor of one of the stages enters into triode, it may drive the
transistor of the other stage into triode as well and negatively impact the overall

PA performance [3, 6].

Doherty PAs

The Doherty power amplifier is an old concept. The first implementation was
reported in 1936 [32], but recently it has attracted the attention due to its possi-
bilities of being integrated. The Doherty power amplifier is an efficiency
enhancement technique [33] and its simplified configuration is shown in Fig. 5.10.
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This architecture is based on the load modulation effect that the auxiliary
amplifier (biased in class C) has on the main amplifier (biased in class A or AB).
For low input drives, only the main amplifier contributes to the output power while
seeing 4R due to the inverting effect of the output 4/4 transmission line. However
when the input drive increases (usually to a power level in which the output power
is 6 dB below Pgat), the auxiliary amplifier turns on. The contribution of the
auxiliary PA output current to the load causes the impedance seen at node A to
increase. However, the output 4/4 transmission line acts as an impedance inverter,
such that the main amplifier output impedance decreases up to 2R; . By controlling
the amount of the auxiliary PA output current flowing through the load, it is
possible to keep the output voltage swing of the main PA constant at its maximum
level. Consequently, the main PA works at its maximum efficiency from the 6 dB
back-off to Psat and the overall efficiency is kept high throughout the entire range.
Finally, the input A/4 transmission line serves to compensate the phase shift
introduced by the output /4 transmission line.

In addition, the combination of the output powers of class AB and class C PAs
ideally maintains the overall linearity of the resulting PA because the auxiliary
amplifier shows gain extension behavior while the main amplifier enters into
compression. At the peak power level, both amplifiers deliver the same amount of
power as they both see a load of 2R;. A linearized Piy-Poyt curve is obtained
until the auxiliary amplifier is saturated. It should be noted, however, that the
conventional Doherty operation does not bring any enhancement in terms of
increased output power levels since the maximum output power of both the class
AB and class C amplifiers is the same as a single linear amplifier seeing the same
output load Ry [23].

In order to keep efficiency high, the output matching circuit is a critical issue
because the output network may introduce considerable loss that spoils the
advantages of the Doherty PAs. In practice, only mm-wave Doherty PA designs
implement the A/4 transmission lines on-chip [34, 35]. At RF frequencies Doherty
PAs cannot afford the large area of a A/4 transmission line and therefore lumped
components are used instead. Practical implementations of CMOS Doherty PAs at
RF frequencies make use of an integrated LC 7 network in order to emulate the
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Fig. 5.11 Transformer- I__||,
based Doherty power
amplifier

behavior of the output //4 transmission line while saving area [13, 14, 36-38].
However, most of them make use of off-chip components or the bondwire for the
LC 7 network implementation [36—38] in order to preserve the efficiency of the PA
because the efficiency of CMOS Doherty PAs with integrated lumped components
is low [14]. Some enhancement can be achieved if slab inductors are used [13] to
compose the LC n network, but at the cost of larger area and modest efficiency
enhancement [23]. It must be also noted that an extra network is still necessary
along with the A/4 transmission line in order to downconvert the 50 Q output load
to the optimum load of the Doherty PA (the value of Ry is chosen to be half of the
Ropr).

As shown in Fig. 5.11, recent Doherty PA designs substitute the 4/4 output
inverter at the output with SCT transformers [23, 39, 40]. As the SCT solution
provides the required load modulation that is the basis of the Doherty amplifier, the
output A/4 transmission line can be eliminated while preserving the crucial char-
acteristic of Doherty PAs, i.e. efficiency enhancement at back-off. An enhanced
SCT Doherty solution that further improves the efficiency at back-off is to use
asymmetric SCT transformers at the output. This solution improves the efficiency
at power back-off compared to previous Doherty PAs because it alleviates the
impedance matching loss at back-off for the conventional integrated Doherty
architecture or the symmetrical SCT solution [23].

Finally, the size ratio, transistor matching and biasing of both main and aux-
iliary PAs must be carefully chosen because linearity is an issue in the region
where the auxiliary PA start to operate [23, 41]. If the combination of these two
PAs in the Doherty power amplifier is not properly carried out, the PA will not be
able to fulfill the stringent ACLR specifications of modern communication stan-
dards even at low power levels.
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Predistorted PAs

Predistortion is a linearization technique in which the input RF signal is distorted
in such a way that this distortion cancels the distortion of the signal due to the
nonlinearities of the amplification process. In linear RF CMOS PAs this technique
is applied by means of several different solutions in order to correct the AM-AM
and the AM-PM distortions introduced by the amplifier.

A first approach is analog predistortion, where the aim is to correct mainly the
AM-PM distortion of the NMOS amplifying transistor by means of a circuit
connected in parallel to the transistor bias. This circuit ideally cancels the phase
distortion that the nonlinear NMOS transistor gate-to-source capacitor introduces
at increasing input power levels by adding a circuit showing an opposite capaci-
tance variation with input power. Some practical implementations use a PMOS
transistor connected in parallel to the gate of the NMOS transistor [11, 42-44] or
an NMOS transistor with feedback resistors [45-47], as can be observed in
Fig. 5.12.

Other solutions that can be implemented are NMOS transistors acting as var-
actors [48], a series linearizer based on NMOS transistors acting as variable
resistors [25] or feedback techniques [49]. In general, although analog predistor-
tion introduces little extra complexity to the PA, its enhancement in terms of
linearity is poor and subject to process dispersions or changing PA conditions,
such as temperature or load impedance variations.

As observed in Fig. 5.13, more complex solutions are baseband digital pre-
distorters [9] or digitally assisted RF predistorters [50, 51], in which the amplitude
of the input signal feeds a lookup table (LUT) that controls the predistortion
circuit. These techniques show better performance than the previous ones while
achieving highly integrated implementations. However, because they are still
open-loop solutions, they are not able to adapt to changing PA conditions and PA
memory effects [33]. In addition to this, extra memory and some digital signal
processing (DSP) is required in the baseband circuitry.



88 5 Enhancement Techniques for CMOS Linear PAs

Predistorter PA

RF In RF Out
Baseband
Is
o—
2 2
QBB
o—

Fig. 5.13 Digitally assisted RF predistorted PA architecture

2
S | Lookup —.
2 | Table
©
m
IN |
DSP
Qi Qrre Attenuator
i
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A further step in enhancing the linearity of linear PAs based on predistortion is
to use closed-loop techniques so that the predistortion circuit may adapt to the
changing conditions of PAs, as shown in Fig. 5.14 [10, 52, 53]. In these techniques
the LUT is fed by an attenuated version of the RF output signal that is down-
converted to baseband. Therefore, the predistortion circuit is controlled by the
actual signal at the PA output. This last solution offers much better linearity
enhancement, but at the cost of increased complexity since an extra receiver for
the feedback path along with more powerful DSP capabilities and memory for the
LUT at the baseband are required.

Dynamic Supply or Envelope Tracking

Dynamic supply or envelope tracking is an efficiency enhancement technique
based on the older envelope elimination and restoration (EER) architecture that
was proposed by Kahn in 1952 [54]. As Fig. 5.15 shows, the EER architecture has
a secondary path on which the envelope of the input RF signal is first detected and
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further amplified by a highly efficient low-frequency amplifier (LFA), which is
also referred to as a modulator.

On the main path the RF input signal passes through a limiter that removes the
envelope but preserves the phase modulation of the signal. The phase-modulated
signal can then be amplified by a highly efficient nonlinear RF PA because the
limiter eliminates the possibility of AM-PM distortion in the PA. Finally, the
envelope signal and the amplified phase modulated RF signal are combined at the
PA by modulating the supply voltage so that amplitude modulation is restored. The
main advantage of the EER technique then is the possibility of using highly
efficient nonlinear switched-mode RF PAs for variable envelope modulation
channels instead of low-efficiency linear RF PAs.

In modern fully integrated transmitters, there is no need to first create the RF
signal so it can be split up into a phase and envelope signal. Instead, the amplitude
and phase information is provided separately in the baseband by a DSP block. This
modern version of the classic EER, shown in Fig. 5.16, is also known as Polar PA
because the baseband signal is converted to a polar format, i.e. amplitude and
phase separation, before being amplified. However, this should not be confused
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Fig. 5.16 Polar PA architecture
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with the Polar Loop feedback linearization technique because the polar PA
architecture is usually an open-loop solution.

It must be noted that the EER technique has several drawbacks. Firstly, this
technique presents dynamic range limitations because the phase modulated RF
input signal is amplitude and phase distorted by the RF PA when the supply
voltage drops to low values near the transistor Vingg [20, 55, 56].

Additionally the required bandwidth for the phase-modulated signal is much
wider than that required for the original baseband signal. The bandwidth require-
ment of the phase-modulated signal poses practical challenges to the EER tech-
nique, so this technique is limited to relatively narrow bandwidth applications [57].

Moreover, since only the combination of phase and amplitude restores the
original constellation, precise time alignment between the envelope and RF paths
is required [57, 58]. For the same reason, the LFA or modulator must generate a
suitable supply voltage with great accuracy, requiring both high linearity and great
bandwidth. Along with this, the total system efficiency is determined by the
product of the envelope amplifier efficiency and the RF PA efficiency, which
means that a high-efficiency modulator is critical to the EER technique. High-
efficiency modulators can be realized in practice with DC/DC converters, but the
switching frequency needs to be several times the signal bandwidth [57]. The
reason is that the stringent requirements of the EER technique allow only a very
low ripple at their output. A low-ripple DC/DC converter requires a switching
frequency that is much higher than the maximum envelope bandwidth so the low-
pass filter can provide a high attenuation of the ripple while passing the signals
within the envelope bandwidth. Traditional high-efficiency switching-mode DC/
DC converters are realized based on delta modulation or pulse width modulation
(PWM) techniques, where a high switching frequency will introduce a significant
switching loss. In such cases, the efficiency of these modulators, and hence the
efficiency of the whole architecture, is greatly degraded when the signal bandwidth
is increased.

In order to overcome the issue of efficiency degradation of the modulator for
wideband signals, the hybrid switching amplifier is implemented instead [58]. This
type of amplifier consists of a combination of a wideband linear amplifier and a
high-efficiency switching amplifier. The solution is based on the fact that most of
the energy of the envelope signal is located near DC around a relatively small
frequency band, whereas the energy at higher frequencies is much lower. As such,
the hybrid switching amplifier proves to be a good solution, as a switching
amplifier delivers most of the low frequency power and a low-power linear
amplifier with sufficient bandwidth delivers the high frequency power. Although
the linear amplifier is less efficient, it delivers less power and thus its influence on
the overall efficiency is less pronounced. Therefore, with the hybrid switching
amplifier as a modulator it is possible to avoid excessive efficiency degradation for
increased signal bandwidth. Yet, even with the use of hybrid switching modula-
tors, the precision required for the amplitude modulator’s replication of the input
RF envelope at the supply of the PA is still crucial in the EER technique.
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One way to relax the requirements imposed on the modulator by the EER
technique is the use of another efficiency enhancement technique called dynamic
supply or envelope tracking (ET), illustrated in Fig. 5.17. This technique relaxes
the EER technique issues by removing the limiter from the RF path so that the
phase and amplitude modulation are kept in the input PA signal. As the input
signal preserves the amplitude and phase information, in this technique the
envelope signal is not used to modulate the RF PA but rather it is only to provide a
DC supply level that is just enough for the RF PA to amplify the input RF signal
without compression [59]. This, of course, requires the use of a less efficient linear
PA, but this can be compensated by the fact that the ET requires a lower modulator
bandwidth and less precise time alignment between the envelope and RF paths
[57]. In addition, the RF signal bandwidth in the ET architecture is identical to the
baseband signal bandwidth, which is much narrower than the phase modulated RF
signal bandwidth required in the EER system.

On the other hand, the dynamic range issues of the EER technique can be
essentially removed in the ET technique by allowing for normal linear operation at
a reduced supply voltage, i.e. avoiding a voltage supply below the Vgngg, in the
small signal regime [33, 56].

Practical implementations of the ET architecture in CMOS processes achieves
high efficiency hybrid modulators, though they are usually applied to GaAs or
SiGe PAs [56, 58, 60—63] and only a limited number of implementations look for
the complete PA integration in a unique CMOS technology [64-66]. The reason
may come from the fact that the CMOS technology presents two major issues in
this case: first, the lower breakdown voltage due to the scaling down in technology
that restricts the maximum Vpp along with relatively high Vingg; and second, the
reduced transconductance of MOS transistors leading to inferior power gain and
poorer efficiency [66]. Both problems are crucial in ET PAs. Low Vpp and high
Vkneg prevent a CMOS ET PA from having a high dynamic range because the
Vbp to Vkneg voltage range is reduced. A higher dynamic range can be achieved
by stacking a cascode transistor, as is the case in [64] and [65], but this comes with
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the cost of increasing the Vingg [67]. In [64] a thick oxide cascode transistor is
used, whereas in [65] a non-standard silicon-on-sapphire CMOS technology is
employed with three stacked transistors in order to further increase the output
power. The solution in [66] employs a thick oxide common-source transistor for
increased output power. It avoids transistor stacking but the output power levels
are low.

The lower power gain issue of CMOS technology is aggravated in the case of
the ET solution because the power gain achieved with dynamic supply is inferior
compared to a fixed supply voltage solution because the average supply voltage in
the dynamic supply is lower too. Ideally, the power gain of a PA does not depend
on its supply voltage. However, due to the presence of the parasitic capacitance of
the power transistor, this dependence does exist [66]. Moreover, as the crest factor
of the signal increases, the average supply voltage applied to the PA decreases.
This induces an even lower average gain, and the consequence is that the overall
PAE is reduced [58]. In fact, the solution implemented in standard CMOS tech-
nologies shows low power gains [64, 66].

Finally, it must be noted that the ET PA architecture can be also combined with
some of the previously discussed solutions, for example, the ET Doherty PA
architecture [58].

Adaptive Biasing

The adaptive biasing architecture is both an efficiency and linearity enhancement
technique in which the transistor bias is adapted to the amplitude of the input RF
signal so that the RF PA operates in different classes according to envelope
amplitude. Fig. 5.18 shows a simple adaptive biasing scheme.

Efficiency enhancement comes from the fact that in modern digital communi-
cation standards, the signal works at its peak power level during a small percentage
of its total operation period [68]. Therefore, the RF PA wastes a significant amount
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of power if the biasing current is kept high, independently of the signal amplitude.
In the adaptive biasing technique the RF PA is biased at a high quiescent point to
provide linear operation only in the high power region. However, it is not power
efficient to maintain the high bias condition when the transmitted power is low. In
the low power case, it is possible to ensure the linearity performance of the PA
while biasing the PA at lower bias conditions. Consequently, as the main increase
of bias occurs near Py4g, the adaptive biasing reduces the average current from
supply and hence enhances PA efficiency, as shown in Fig. 5.19.

Linearity is somewhat improved in this technique [67]. The P,4g of a PA with
dynamic biasing is often higher than that obtained at fixed bias, as shown in
Fig. 5.19. This is attributed to the nonlinear nature of CMOS transistor trans-
conductance where transconductance increases with increases in the gate bias, and
therefore the PA with dynamic biasing has a higher linear range. However, as
transconductance is low in the low power region, the linearity enhancement brings
with it the issue that the resulting power gain is lower than in the fixed bias
scheme. It must be also noted that as the adaptive biasing scheme of Fig. 5.18
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senses the envelope of the input signal, the linearity enhancement is degraded at
the PA changing conditions due to gain, temperature or process dispersions.

Similar to the envelope tracking architecture, in adaptive biasing the bandwidth
of the envelope tracking circuit should be high enough to track the input channel
bandwidth. However, this technique has faster tracking speed to accommodate the
wideband input signals [67].

Regarding stability, the PA may need an additional stabilizing resistor, such as
shunt feedback between gate and drain. In fact, implemented adaptive biased PAs
with a cascode transistor usually require this stabilizing solution [69, 70].

This architecture is been proven useful especially for CMOS PAs working at
frequencies of tens of GHz [68, 70-72]. In such high frequency applications,
complex solutions are not so useful. For example, the improvement in efficiency is
not significant when using the Doherty structure compared to the conventional
cascode structure [71]. Moreover, the previously presented simple parallel com-
bination is not very efficient in the mm-Wave regime because class B bias lowers
the device speed. Again, analog predistortion based on the capacitance compen-
sation technique induces extra capacitance load and hinders its employment in
high frequency regimes [68]. It must be noted than in [72], the peak detector
senses the output signal so that the feedback loop may also adjust the output signal
in response to process variations.

Finally, this technique can be also combined with previous architectures in
order to improve overall PA performance [36, 73].

Conclusions

This chapter presented the techniques that can be applied to linear CMOS RF PAs
in order to enhance the PA’s output power, linearity and efficiency. Placing the
cascode transistor on top of the common-source transistor in order to improve PA
reliability was discussed along with some possible enhancements, such as the self-
biased cascode or the multiple stacked cascode transistors. This last technique,
however, is more suitable for CMOS processes in which the bulk of the transistor
is isolated. The chapter also discussed the possibility of increasing the output
power while preserving PA reliability by combining several stages. The trans-
former power combining based on SCT and PCT transformers was presented along
with the simple parallel combination of two different PA classes. This last solution
is regarded as a linearity and efficiency enhancement technique.

The Doherty PA was also presented as an efficiency enhancement technique,
along with different practical implementations of the /4 transmission lines and the
use of SCT and asymmetric SCT transformers in order to achieve high efficiencies
in fully integrated RF CMOS PAs.

After presenting Doherty PAs, analog and digital predistortion techniques were
discussed along with the trade-off between linearity enhancement and complexity.
The envelope tracking technique was also addressed and confronted with the
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classical EER technique. The ET technique has looser modulator and bandwidth
requirements and thus is a better compromise for the implementation of efficiency
enhanced CMOS PAs. The specific issues regarding the CMOS technology in the
implementation of a complete CMOS ET PA were also covered. Finally, using the
adaptive biasing technique as an efficiency and linearity enhancement technique
was discussed along with the value of using this technique in CMOS PAs working
at mm-Wave frequencies.
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Chapter 6
Power Amplifier Design

Abstract This chapter describes the design of a linear CMOS power amplifier. It
begins with the description of a mathematical model that predicts the performance of
the PA and then presents the PA’s schematic design. In addition the chapter includes
specific layout considerations for high frequency linear PAs. The design of the
inductors implemented in PAs specific issues regarding layout are also discussed.

A Model for the Power Amplifier

The goal of any power amplifier is to obtain high output power levels and high
PAE values along with maximum linearity. The process of optimizing a power
amplifier is not simple and requires a starting point for the PA design. This chapter
therefore proposes a model that takes into account effects such as PA biasing,
current consumption, supply and breakdown voltages, inductor quality factors or
the power gain in the Piy-Pour and PAE-Pyy curves. The output of the model is
precisely the starting point for the design.

Model Description

The model has been developed for fully integrated PAs and any type of linear
(class A to class B) operation mode. Figure 6.1 shows the generic PA architecture
that has been chosen for the model, whereas Fig. 6.2 shows its equivalent circuit.
This model is a generic common-source stage with an output-matching circuit. The
model also takes into consideration single or differential architectures and the use
of cascode transistors. The architecture of the PA includes the drain inductor (Lp)
and its parasitic resistor (Rp), and the output parasitic capacitor (Cy), which refers
to the parasitics of the transistors and the drain inductor. It also comprises the
output-matching network based on a series capacitor (Cs) and an inductor (Lp),
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Fig. 6.1 Schematic circuit of

the PA architecture i

Veias+Vin

Fig. 6.2 Equivalent circuit
of the PA architecture

Ropt

with its parasitic resistor (Rp) [1]. The output-matching network converts Ry to the
optimum load (Ropt), Which provides the best linearity to the PA [2].

The PA common-source transistor, along with a possible cascode transistor, is
modeled as a current source with an output parasitic capacitor. This current source,
as represented in Fig. 6.3 by the solid line, presents strong—weak nonlinear
transconductance behavior with a maximum current level beyond which the cur-
rent waveform suffers compression at input voltage overdriving conditions [2].
This strong—weak nonlinear transconductance model is more realistic than the
strong nonlinear model, which is also shown in Fig. 6.3 by the dotted line.

Although less realistic, strong nonlinear transconductance will be used as a base
for the construction of the strong—weak nonlinear transconductance and it will be
of help in the calculations. The strong nonlinear model is described by (6.1).
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Fig. 6.3 Gate voltage and drain current waveforms for a class AB cascode PA. Normalized
strong and strong—weak nonlinear models are shown for the transconductance

ias = k(Vo + vy cos(0)) — Vg = Ior + i cos(0)
when 0 <Ipp + ip cos(0) <Iyax 6.1)
igs = Iyax  Wwhen Ipp +ip cos(6) > Iyax '

is =0 when  Igp + iy cos(0) <0
In (6.1), IqL is the linear quiescent current, Vry the threshold voltage, 0 is the
phase and k = 1 for a normalized curve.

Strong—weak nonlinear transconductance is then described as a modification of
linear normalized transconductance, as in (6.2).

iz = Iyax (3 <IQL + ipk 003(0)>2_2 <IQL + lpk cos(O)) 3)

Iyax Tvax
when  0<Igy + iy cos(0) <Iyax (6.2)
igs = Iyax  when ]QL + ipk COS((‘)) > Iyax
igs =0 when [QL + ipk COS(@) <0
The next subsections describe the proposed model and give the PAE and the

Pout expressions for the linear and the nonlinear regions of generic class A to
class B PAs.
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Linear Region

The analysis of this region starts with the calculation of Iyax based on two
parameters that will be considered as inputs for the model. The first one is qui-
escent current /o, which reflects the current consumption at low PA power levels.
The second one is conduction angle «y, which is the angle at which the drain
current waveform clips at zero when the current peak reaches Iyax. The con-
duction angle will describe the PA class type. The simplest way to calculate Iyjax
is by means of the strong nonlinear model, and as observed in Fig. 6.4, depending
on the PA biasing o/2 varies from 7 for a class A PA to /2 for a class B PA. For a
class AB PA oy/2 will be between © and 7/2.

As shown in Fig. 6.4, I\ax is logically two times the quiescent current for a
class A PA, as this class PA is biased in the middle of the transconductance curve.
Conversely, for a class AB PA, the calculation of Iy;5x is not so straightforward.
However, from Iq;, and og/2 it is possible to know the Iyax from (6.1), when
ipk = IMAX — IQL and 0 = OC()/Z for lds =0 (63)

Ior
Io + (Iyax — 1, %0p) =0 = Iyax = lor — — 2 6.3
o1 + (Iuax — Iou) cos (%)) wax = loL = ) (63)

o/2=1 " o/ 2< 7

.
.
'
.
'
'

g

A

Fig. 6.4 Relation between Ivax, Ior and op/2 in a class A and class AB PAs in the strong
nonlinear model
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On the other hand, as the input parameter is Io and not /g, Igr, must be
calculated beforehand. The value of the linear quiescent current, Iy, is obtained
through I, the quiescent current for the strong-weak model, from (6.4).

Ios \? Ios \°
Ip = Iyax | 3 <QL> -2 (QL> (6.4)
Tvax Tyax

As o is used as an input parameter, it is possible to substitute Iyjax in (6.4) with
(6.3) so that I, can be easily calculated from (6.5).

31y, 2y,
Ip = o g (6.5)

-1 )
cos 0/ 1 — D S
) ( ws(“o/z))

The situation shown in Fig. 6.4, i.e. the point at which the peak drain current iy
reaches Iyiax just before starting to clip at its maximum, is the threshold between
the linear and nonlinear region of a PA. It is considered the threshold because
compression mainly takes place in the PA when the drain current waveform starts
clipping at its maximum. Of course, in a class AB PA there is a previous clipping
at zero in the drain current; however, the linearity of the PA is not greatly affected
for that reason, as we will demonstrate with some results extracted from the model.

This consideration of the maximum linear point is based on the strong nonlinear
model, but in the strong—weak nonlinear model some pre-compression is found in
the drain current before reaching Iyax. However, the value obtained with the
strong nonlinear model is still the proper value for the optimum load calculation in
the strong—weak nonlinear model.

Therefore, the aforementioned maximum linear point allows us to find the value
of Ropr, i.e. the PA load for the best linearity. Ropr is chosen so that the drain
current and the drain voltage waveforms reach their unclipped maximum values
simultaneously, i.e. igs swings from 0 to Iyjax and vg4s swings from Vingg to 2Vpp-
Vkneg- As mentioned in Chap. 3, the knee voltage is referred to the turn on voltage
and significantly reduces the available RF swing because the voltage does not
reach zero (and consequently it does not reach 2Vpp either). The Vingg is mod-
eled as 20 % of the supply voltage [2]. In a PA that includes a cascode transistor
the transistor stacking effect will be considered by increasing the Vingg two times
that value.

The drain current and voltage waveforms at the maximum linear point are
shown in Fig. 6.5 for iy and Fig. 6.6 for vy, (dashed line). In this case, the
waveforms have been obtained by assuming a broadband resistor load and the
strong—weak nonlinear model so they show the abovementioned pre-compression
near Iyiax and Vingg. In addition, as shown in Fig. 6.5, since it is a class AB PA,
the drain current waveform clips at zero before clipping at Iyjax. This clipping at
zero is also reflected in Fig. 6.6 for the clipped aspect of drain voltage waveform at
its maximum.
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Fig. 6.5 Class AB PA drain
current waveform at its =
maximum current swing

before clipping

wa

Therefore, in order to get the simultaneous maximum swings for i4s and vgs, the
output load (Ry) of the PA must be transformed to the optimum load (Ropt), Which
can be expressed by (6.6).

Vop — Vknee (6.6)
Tyax /2 '

It must be noted that the value of Ropr that results from (6.6) is correct only if
the drain inductor, Lp, is considered ideal. However, as it is an integrated low
Q inductor, the effect of its parasitic resistor, Rp, must be taken into account. As
shown by the solid line in Fig. 6.6, the DC value of this parasitic resistor (Rp pc)
reduces the effective supply voltage from Vpp to Vpp, and consequently the
maximum unclipped value of the transistor drain voltage is reduced. In fact, the Lp
parasitic resistor greatly affects the performance of a PA due to the high currents
flowing through it. The effective supply voltage is reduced according to (6.7):

Voo = Voo = Ipco - Rp.nc- (6.7)

Ropr =

Fig. 6.6 Class AB PA drain
voltage waveform at its
maximum voltage swing
before clipping. The swing of
the voltage waveform is
reduced from Vpp (dashed
line) to V'pp (solid line) due
to the effect of the parasitic
resistor of the drain inductor

Vis
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The value of the Inc current is obtained from (6.17) precisely when the drain
current reaches the maximum linear point. Consequently, the value of iy that is
introduced in (6.17) is obtained from (6.2) when ipx = Imax — IoL-

Moreover, the high frequency value of Rp (Rp ac) also affects the value of Ropr
because it makes the real part of impedance Z;, shown in Fig. 6.2, be finite.
Consequently, the optimum load must finally fulfill (6.8).

Vi, =V,
ROPT//RC{Z]} = M . (68)
Iyax /2
Z, is given by (6.9):
1
Z1 = (R jcol —_— 6.9
1 = (Rpac +jo D)//ij() (6.9)

The real part of Z; is obtained from (6.10), while the value of Ly (in charge of
resonating out capacitance Cy) is given by (6.11):

WLy + R}
Re{Z } = — 2 _DPAC (6.10)

Rpac

- (2600RD,ACC0)2
2(0%C0

L+4/1
Im{Z;} =0=Lp = (6.11)
As it has already been mentioned, Ropr is obtained by means of an impedance
downconversion network formed by Lp and Cjg that transforms Ry to Ropr. Ideally,
the impedance downconversion network is lossless. However, an integrated net-
work again makes use of low Q inductors so that the extra losses must be con-
sidered in the design. Specifically, the model includes the effect of the high
frequency parasitic resistor of the Lp inductor (Rp sc), which reduces the actual
transmitted power to Ry and must be taken into account in calculations of Poyr.
The values of Lp and Cg are (6.13) and (6.14) when impedance Z,, in Fig. 6.2, is
matched to Ropr.

1
Z, = |(R + jowoL Rp| +-
2 [( PAC T JWo r)// L} jaoCs

(6.12)

Re{Z} = Ropr = Lp = wio \/ (Rpac + Rv) [(Rll)eiCJrRZ)TROPT — RpacRi]

(6.13)

(woLp)* + (Rpac + RL)*

Im{Z) =0 = Cg =
m{Z} § D2LeR?

(6.14)

Now, in order to obtain Poyt and PAE it is necessary to calculate the DC and
the fundamental component of the drain current. Two different situations must be



108 6 Power Amplifier Design

Fig. 6.7 Drain current
waveform for the PA in the L
linear region. It corresponds
to the current levels before
zero clipping. The DC and

fundamental components of
the current are also shown \ /\ /
o= Ipd U

ids

distinguished in the linear region for a generic class AB PA. Both situations are
illustrated in Figs. 6.7 and 6.8.

Figure 6.7 is an example of current amplitude in which the current has not yet
reached zero clipping. In this case the DC and the fundamental component of the
drain current are obtained from (6.15) and (6.16) for different iy values in (6.2).
As observed in Fig. 6.7, the DC current is almost constant and similar to Ig.

1 2n
Ipc = %/ ia;d (6.15)
0
1 2n
las,1 = E/ ias cos(0)d0 (6.16)
0

Fig. 6.8 Drain current .
waveforms for the PA in the =
linear region. It corresponds

to the current levels after zero
clipping but before reaching

its maximum. The DC and
fundamental components of

the current are also shown
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On the other hand, when the drain current is clipped at zero, the situation is the
one observed in Fig. 6.8. The DC and fundamental components of the current are
obtained from (6.17) and (6.18). In such a case the Inc starts increasing above /Iq.

1 [,
IDC = %/ ldsdg (617)
0
1 o

igs,) = —/ igs cos(6)d0 (6.18)
TTJo

Both expressions are similar to (6.15) and (6.16) but, in this case, the integral
limits are from O to «, the current zero-clipping angle. As observed in Fig. 6.9,
angle o can be obtained by means of the strong nonlinear model when izs = 0
while varying the iy value (6.19).

%/» = arccos <_,IQL> (6.19)

Ipk

Angle o varies for different iy, values up to ipx = Ivax — Igr, i.€. until iy
reaches the maximum linear point and where o/2 = o/2. Values higher than

Fig. 6.9 Two values of angle o for the strong nonlinear model in a class AB PA. The two «
values correspond to current drain amplitudes at the maximum linear point and an intermediate
level after zero clipping
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Ivax — Igu for i, also modify angle o but also lead the PA to the nonlinear
region. This region is discussed in the next section.

Nonlinear Region

The overdriving conditions, i.e. the nonlinear region, allow Poyt and PAE values
to go beyond the ones found in the linear region due to the increase of the voltage
and current fundamental components [2]. Figure 6.10 shows the drain current
waveform of a PA in an overdriven situation and its fundamental (igs ;) and DC
(Ipc) components.

The fundamental and DC components are calculated in a manner similar to the
linear region using (6.20) and (6.21). The only difference is that now it must be
considered that the current also clips at Iyjax, as shown in Fig. 6.10.

1 o«
Ipc = — (/ igsd0 + IMAXﬁ) (620)
2n B

I *
igs) = p (/ Iyiax cos(0)d0 +/ﬂ ids cos(@)d@) (6.21)
0

As observed in Fig. 6.11, the drain current waveform in this region now clips
both: at zero with angle o, and at Iyjax with angle f.

Similarly, the values of both angles can be obtained from the strong nonlinear
model. The values of o for different i, values can still be obtained from (6.19),
whereas the different values of the Iyjox clipping angle (f) are also obtained from
the strong nonlinear model but for iys = Iyax (6.22).

Fig. 6.10 Current waveform
after clipping at its maximum
(nonlinear region) and its
DC and fundamental
components Ipc and igs )

ids
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Fig. 6.11 Two pairs of values of angles  and f for the strong nonlinear model in a class AB PA.
As the PA is in the nonlinear region, the two pairs of values correspond to current drain
amplitudes that shows clipping both at zero and Iyax after zero clipping

ﬁ/z = arccos (IMAX_IQL> (6.22)

Ipk

Now, based on the previous equations, it is possible to calculate the output
power, the drain efficiency and the PAE for the different regions.

Output Power, Drain Efficiency and PAE

With regard to output power, when (6.13) and (6.14) are fulfilled, Poyr is
expressed by (6.23).

2, 1(Ropr/ /Re{Z;})? (1 + W)
2R,

Poyr = (6.23)

Consequently, the drain efficiency is (6.24).
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g

Y

Fig. 6.12 Gate voltage and drain current waveforms for a class AB cascode PA. Normalized
linear and strong—weak nonlinear models are shown for the transconductance

Py 2 1
s (ROPT//Re{Z] }) (l +(W0CSR0PT>2)

Pouyr 2R
%) = 100 =100 L 6.24
n(%) Ppc Vbcelpe ( )

In order to obtain values for the PAE, it is first necessary to establish a con-
nection between i, and Ppy. Once the connection is made, by providing different
values for Py, different values for i are obtained and hence for igq. This is
achieved in an indirect way by giving different values to Py and assuming linear
transconductance, i.e. similar to strong nonlinear transconductance but with no
clipping limits, as shown in Fig. 6.12 by the dashed line.

Where Gy is the linear gain of the ideal transconductance, the linear output
power can be obtained by (6.25), which allows peak drain current values to be
obtained from (6.26).

Pourp = GLPy (6.25)

2R Poyrt

- 2 : (6.26)
(Ropr//Re{Z,}) (1 +W)
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The resulting values of 7, are used for calculations in the weak-strong model of
transconductance in order to obtain igs and hence Inc and igs ;. With these current
values it is then possible to calculate Poyt values in either the linear or nonlinear
region.

On the other hand, linear gain Gy, cannot be used directly as an input parameter
because, as shown in Fig. 6.12, it does not have to coincide with the gain of the
strong-weak nonlinear model (G), i.e. the slope of the linear transconductance and
the strong—weak nonlinear slope at the specific class polarization is not the same.
However, as it is desirable to establish gain G as an input parameter, it is necessary
to perform a gain correction by means of angle o and (6.27). Therefore, if gain
G is used as an input parameter, Gy is adjusted. For example, for a class A PA and
low power levels, the value for G is 3.5 dB higher than G due to the difference in
slopes of the linear and strong—weak nonlinear transconductances in the middle of
the curve. Therefore, if gain G of class A PAs is set to 25 dB as an input
parameter, G must be set to 21.5 dB.

2
1 1
G(dB) = Gi(dB) +20log | 6| -— )~ (1 T /2)> (6.27)

The PAE is calculated using (6.28) for different Pyy values.

Pour — P,
PAE(%) = 10022~V (6.28)
Ppc
Finally, Fig. 6.13 shows the flowchart with the parameter dependencies from
the input to the output parameters and the equations that should be applied for the
specific parameter calculations.

Model-Based Analyses

The proposed model allows the quantification of PA effects such as current con-
sumption, supply voltage, transistor stress level, inductor quality factors, gain and
PA biasing (from class A to class B). Therefore, different conclusions can be
extracted by applying the model to different cases. Furthermore, it is possible to
establish fast comparisons between different PA configurations in order to choose
what is optimal for starting a new design.

The following sections show some examples of the model’s capabilities as a
helpful tool for PA design.
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Fig. 6.13 Flowchart of the parameter dependencies and the equations that should be applied to
parameter calculation

Effect of the Cascode Transistor

In Figs. 6.14 and 6.15 compare a light class AB (xg = 1.7m) cascode PA and a
class AB common-source PA with the same biasing. The comparison considers the
effect of the knee and the breakdown voltages on the Poyr and PAE parameters.

The design parameters used in the comparison are the following: a gain of
25 dB, a knee voltage of 0.36 V (this value is 0.72 V to consider the effect of the
cascode transistor) and an I of ~300 mA. A driver stage is added with half the
current consumption, so that the 25 dB gain is a realistic value (of course, the
effect of the driver stage is included in efficiency calculations). The Rp pc is 1 Q
and the quality factors are 10 for Ly and Lp. The high frequency resistor (Rac) is
calculated from the Q of the inductors at the frequency of interest using (6.29). A
frequency of 5 GHz has been set.

a)()L
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Fig. 6.14 A comparison of 30
the Psat, gain and PAE

parameters of a cascode and a
common-source class AB PA
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Fig. 6.15 A comparison of 325
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The supply voltage used for the cascode case is 3.3 V, whereas it is 1.75 V for
the common-source case. These supply voltage values cause the same stress level
in the transistors because in the cascode case the voltage stress is shared equally
between the common-source and its cascode transistor. The stress level is con-
sidered the maximum drain voltage that the transistor must withstand, i.e. 2*(V'pp-
VKNEE)-

As can be seen in Fig. 6.14, the output power of the cascode configuration is
more than 3 dB greater than the common-source configuration at Pgat. On the
other hand, the PAE is higher for the common-source PA at low power values but
at P4p, which is considered the limit between the linear and nonlinear region, the
PAE is higher for the cascode PA, 16.5 % versus 12.5 % for the common-source
PA. Finally, the maximum PAE for the cascode PA is 28 % whereas it is 24 % for
the common-source PA.
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Therefore, whenever more output power than that offered by a common-source
PA is required, the use a cascode configuration is a good choice, as greater output
power levels are reached while still maintaining high PAE values.

Effect of the Inductor Parasitics

The second comparison analyzes the effect of the parasitics of the Lp inductor in
the Poyt and the PAE. The cascode PA with the same previous supply voltage and
current consumption has been used in this case. The Poyr values have been
obtained at Py = 10 dBm, i.e. in the deep nonlinear region.

Figure 6.16 shows the effect of the quality factor for the Lp inductor while the
characteristics of the Lp inductor are kept constant. The Poyt and the PAE fall
rapidly for low quality factor values. The PAE varies from 28 to 19 % when the
quality factor takes values from 14 to 4. Likewise, the Poyt degrades almost by
2 dB. As observed, when the quality factor of the Lp inductor falls below 8§, the
output power and particularly the PAE performance degrade rapidly. Therefore,
the output matching inductor should present a quality factor above that value,
which can be achieved by adjusting its size, width and the number of metal layers
involved.

Effect of PA Biasing

The model can also show the effect of biasing on PA performance. Figures 6.17
and 6.18 compare a light class AB (0p = 1.77) cascode PA and a deep class AB
(09 = 1.2m) cascode PA. The design parameters used within the comparison are
the same, i.e. a gain of 25 dB, a driver stage with the same biasing and half the
current consumption, a Rppc of 1 Q and quality factors of 10 for Lp and Lp. As

Fig. 6.16 Study of the effect 28
of the quality factor (Qp) for
the output matching inductor
(Lp) in the PoyT and the PAE.
A two stage cascode PA with
3.3 V supply voltage and

25 dB of gain has been used

30

-+ Poyr -o-PAE

Poyr (dBm)
PAE (%)

2 ‘ ‘ ‘ ‘ 10
4
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Fig. 6.17 A comparison of 30
the Psat, gain and PAE
parameters for a cascode light
and a deep class AB PA
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observed in Fig. 6.18 the I has been chosen so that the PA shows the same current
consumption at the highest output power levels.

It can be observed that the deep polarized class AB PA shows higher efficiency
because it offers similar output power levels for less current consumption. How-
ever, this comes at the price of worse linearity as illustrated by the Pn-Poyt curve
of Fig. 6.17. The deep polarized class AB shows precompression that degrades the
Pygp.

From Fig. 6.18 it can be also concluded that the layout design of the PA metal
layers must be done carefully because deep class AB PAs have higher current
consumption variations relative to input power. The width of the layout metal layer
must consider the current consumption at the highest output power levels and not
in the linear PA range. However, as it is also shown in Fig. 6.18, a light class AB
PAs has less current variation relative to the input power.

Fig. 6.18 A comparison of 350
the current consumption
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deep class AB PA E 300
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-20 -15 -10 -5 0 5 10

P (dBm)
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Starting Point Parameters

In Chap. 2, a value of around 22 dBm for P45 Was set as a proper choice for a PA
working in the 802.11a standard. If a 1 dB margin is chosen (Pqg = 23 dBm) in
order to ensure 16 dBm of output power for the 802.11a standard, it is possible to
establish a starting point for the main PA parameters by using the model.
Figures 6.19 and 6.20 show how the saturated output power, the 1 dB compression
point, the optimum load and the maximum PAE vary with the current consumption
of a light class AB differential cascode two stage PA.

Those values were obtained with a linear gain of 25 dB, quality factors of 10 for
the inductors and assuming a current consumption of a first driver stage that is half
of the output current consumption. These values are reasonable ones for a starting
point. Table 6.1 summarizes the specific parameter values applied to the model.

From Fig. 6.19 it can be concluded that the starting point of the PA complying
with the Psa1/P 14 can be achieved with a cascode differential two stage PA with
a 3.3 V supply voltage, quality factors of 10 for the inductors and a current
consumption close to 300 mA for the output stage and 150 mA for the driver
stage. In addition, with those parameters it is possible to have a maximum PAE of
27 %. Finally, the load must downconverted from differential 100 Q to differential
30 Q.

The model has been used to determine a starting point for the design where
parameters can be dynamically changed to show the effect of variation for any of
them. For example, if a quality factor for an inductor is different, the model will
easily show the impact of the new inductor Q.

Fig. 6.19 PSAT and PldB 30
versus current consumption
obtained from the model for a
25 dB gain, two stage . 28f
. £
cascode PA @
Z
~ 26|
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Q
]
5 24 |
Q
22
20 . . .
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Output Stage Current consumption (mA)
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Fig. 6.20 Optimum load and 30 50
maximum PAE versus
current consumption obtained 1%
from the model for a 25 dB 28 {40
gain, two stage cascode PA
:\; 2 L 135
> G
< | <
g 30 :l-;
o 24 Jo5 &
120
22
A 15
20 . . 10
200 300 400 500 600
Output Stage Current consumption (mA)
Table': 6.1 Parameter values Parameter name Value Units
used in the model
Vbp 33 A%
Output stage Ipc 200-600 mA
Driver stage Ipc 100-300 mA
Op 10 -
Op 10 -
Rppc 1 Q
Gain 25 dB

Measurement Comparisons

Some results of a fabricated PA are now presented in order to show that the model
fits well with measurements. Figure 6.21 illustrates the output power, gain and
PAE values for a 3.3 V supply voltage and Fig. 6.22 shows the current con-
sumption of the driver and output stages.

Figures 6.21 and 6.22 compare the measured curves with the ones provided by
the model, showing good agreement and demonstrating the accuracy of the model.
The main deviations in terms of power are observed at the highest power levels.
Other nonlinear sources apart from the nonlinear behavior of the transistor current
source explain these deviations. However, as these errors are kept low, no addi-
tional nonlinear sources are required in the model and thus the model is easy to
handle.
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Fig. 6.21 Output power,
PAE and gain curves for a
fabricated CMOS PA versus
the PA model simulated at
4.2 GHz

Fig. 6.22 Current
consumption of a fabricated
CMOS PA versus the PA
model simulated at 4.2 GHz
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The description of each stage of the PA architecture is explained in
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the next

subsections, along with the design flow that has been followed.

Schematic Circuit Description

The PA illustrated in Fig. 6.23 shows a common architecture for fully integrated
linear power amplifiers. The circuit consists of two stages in a cascode differential
configuration. The use of two stages ensures the desired power gain for the PA,
and the cascode topology improves linearity, as it is possible to have higher
voltage swings at the output compared to a single transistor, due to the limitations



Power Amplifier Design 121

imposed by the phenomena related to oxide breakdown. Both stages are connected
through an interstage matching network based on a series resistor and a series
capacitor pair. The output matching network downconverts the output load to the
optimum load. Finally, the input network matches the input of the PA to 50 Q.

Design Flow

The design flow that must be followed for PA design and the influence that the
main parameters have on PA performance are now described. The methodology
allows the optimization of any linear PA designed for high frequency applications,
as is the case for the standards in the U-NII band, for example.

It has already been shown how the previously described model helps the designer
set an initial value for the main PA parameters, leading to a value of 300 mA for the
current consumption of the output stage with a 3.3 V supply voltage.

Once a value for the current consumption has been obtained, the size of the
output stage transistors can be determined. A simulation process must be

Output stage

Driver stage

Vine Lin Vin-

Input matching

Interstage matching

Faaast

Lout

Output matching

Fig. 6.23 Differential architecture of the cascode PA
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performed by modifying the transistor size, the bias and the output load value until
an optimum transistor width is reached in terms of linearity, output power and
efficiency. In this optimization process, the performance of the drain and output
inductors is essential as they affect both efficiency and linearity. The main
parameters affecting overall PA performance that must be considered in the
optimization process are the following:

1. The output matching network: parallel inductor and series capacitors.
Starting from the value obtained from the model, the optimum output load must
be found for the output stage of the PA. That value will fix the inductor and
capacitor values of the output downconversion network.

2. The common-source and cascode transistor size, the gate voltage bias and the
drain inductor value of the output stage.
These parameters are related. The final size of the transistors is related to the
voltage bias of the common-source gates because both affect current con-
sumption. Similarly, the size of the transistors affects the output parasitic
capacitance, which changes the inductance of the drain inductors, as they
resonate out the parasitic capacitance. Furthermore, the transistor size affects
the parasitics that result from the transistor interconnections made during the
layout process, which will again change the optimum drain inductor value.
In principle, when attending to the transistor drain current equation in the
saturation region (6.30), the width of the transistor should be maximized.

w
In=K—(Vas = Viu)® (6.30)

As mentioned in Chap. 4, the Vingg voltage is identified with the saturation
drain voltage parameter Vpgat, Which is equal to Vgs-Vry. Therefore, for the
same drain current, a transistor width increase comes with a Vgngg voltage
reduction. A second beneficial effect of the increase of the transistor width is the
increase of the transistor output parasitic capacitance that turns into a reduction
of the drain inductor. Hence, a reduction of this inductor DC parasitic resistance
is also expected so that the supply voltage drop at the drain of the transistor is
reduced according to (6.7).

However, maximizing the transistor width has also its limits, because in order
to keep the output current constant the bias voltage must then be reduced so that
the output stage shifts to a deeper class AB polarization that may degrade the
PA linearity. Along with this, the increase in the output parasitic capacitance
will require a higher Q for the drain inductor in order to avoid degrading the
Q of the Z, impedance in Fig. 6.2. In principle, as the drain inductor will
require less inductance, a higher Q can be expected. However, due to the
limited conductivity, width and thickness of the CMOS process metal layers,
there are practical limits to the maximum Q value that can be reached. Finally, a
larger transistor in the output stage will always increase the power consumption
of the driver stage in order to avoid power gain degradation due to the reduction
of the input impedance [3].
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On the other hand, it must be also noted that there is a minimum transistor size,
as the gates of the transistor have a maximum current density that must not be
exceeded.

3. The common-source and cascode transistor size, the gate voltage bias and the
drain inductor value of the driver stage.
The issues explained for the output stage must be also addressed for the driver
stage. This stage is designed to provide enough gain for the overall PA.
However, its current consumption, transistor size and drain inductor value
should be carefully chosen, as this stage affects the efficiency, linearity and
output power values of the overall PA.

4. The input matching network.
The input matching network, which is composed of the resistor divider and the
input inductor, is considered at the end of the optimization process.

Output Matching Network

The output matching network must be designed as an impedance downconverter
from the 50 Q output load to the optimum load. Figures 6.24, 6.25 and 6.26
illustrate common examples of single impedance downconversion networks at RF
frequencies. These examples are suitable for integration as they present few
components, which translates into lower losses if compared to more complex
networks.

The first topology, the low pass L-match network, which appears in Fig. 6.24,
consists of a parallel capacitor and a series inductor. Although it is a simple
topology, it has a drawback when it is applied to a differential architecture because
in this case two integrated inductors are necessary. This is not a minor drawback,
as inductors are the largest components in any RF IC layout.

On the other hand, the second topology, the high pass L-match network, shown
in Fig. 6.25, has several advantages when compared to the previous one. This
topology permits the use of a unique inductor for differential architectures when a
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balanced inductor is used. Furthermore, the series capacitor can also act as a DC
blocking capacitor.

It is interesting to quantify the power losses that these two networks introduce.
They can be computed using (6.31) and (6.32) for the low pass and the high pass
L-match networks, respectively.

Proap _ (Ropr — 15)* + (wLy)’

- (6.31)
Py RiRopr
Proap  Ropr { 1 ]
= 1+ 6.32
Py Ry (wCsRopr) ( )

Ls and Cs can be calculated from (6.33) and (6.34) for the low pass L-match
network. Parameter rg is the series parasitic resistor of the series inductor.

CpR?
Ly=—"L (6.33)
1 + (woCpRy)

1 R; — R
Cp = /RL — Ropr + 75 (6.34)
woRy Ropr — 15
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Lp and Cg can be calculated from (6.35) and (6.36) for the high pass L-match
network, where r1p is the parasitic resistor of the parallel inductor.

Lp— l (rp + RL)[(rp + RL)Ropr — rpR(] (6.35)
® Ry — Ropr
2 2
g = (oke) + (e + R) (6.36)

2 2
a)OLpRL

Finally, the third topology, shown in Fig. 6.26, consists of a transformer that is
made up of two integrated inductors. Expression (6.37) computes the network
power losses with respect to the quality factors of the primary (Q;) and secondary
(Q») inductors and the coupling factor (k) [4].

Proap _ 1
Py

(6.37)

1+2 {1 + Qllekz} Q1(122k2 + QléZkz

Figure 6.27 compares the network losses of the previous three topologies for
different values of the inductor quality factors. In order to establish a comparison,
the inductors involved in each network have the same quality factor. The
impedance transformation ratio is 3.33, downconverting 50-15 Q at 5.5 GHz. For
the integrated transformer, a coupling factor of 0.8 has been chosen [5].

As observed in Fig. 6.27, the transformer network losses are higher when
compared to L-match networks. This is due to the relatively low value of the
transformation ratio. In fact, when higher transformation ratios are necessary, a
transformer network could be a good choice as its losses are quite independent of
the transformation ratio, which is not the case for the L-match networks, where the
losses increase with this ratio, as can be observed by comparing Fig. 6.27 with

Fig. 6.27 High pass 35
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Fig. 6.28 High pass L- 35
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Fig. 6.28, where the transformation ratio has been increased to 10 (from 50 to
5Q).

With the help of the model, it is possible to choose the proper downconversion
network. The model established a transformation ratio of 1.67, and therefore the
use of any L-match network is a better choice than the transformer network.
Specifically, for differential PAs the high pass L-match network presents the
aforementioned advantage of size reduction when a balanced inductor is chosen
when compared to the low pass L-match.

Moreover, it must be mentioned that the fact that the high pass L-match net-
work shows slightly lower losses than the low pass L-match network cannot be
regarded as an advantage because the differences are not significant and the low
pass L-match network requires inductors with lower values, which usually trans-
lates into better qualities. Consequently, the losses of both networks will be similar
in practice, with size reduction being the main advantage.

Output Stage

To optimize the output stage, an ideal resistor acting as Ropr is placed at the
output, whereas an ideal inductor is placed at the drain as a first step. The simu-
lations look for the optimum size of the common-source and cascode transistors
and the best gate bias voltage by means of an output load and drain inductor
sweep. Again, the value of the optimum load obtained from the model is a useful
starting value for these simulations.

Regarding linearity, as discussed in Chap. 2, the most important parameter to
focus on is the P4g. Following this conclusion, Fig. 6.29 shows an example of
how the P4g is modified when varying the output load of the output stage.


http://dx.doi.org/10.1007/978-1-4614-8657-2_2
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Figure 6.30 illustrates the influence of the output stage drain inductor in the
P4p parameter. As can be seen, the P4 parameter is also sensitive to the drain
inductance variations.

These simulations should be replicated for different transistor sizes and biasing
values while keeping constant the current consumption to 300 mA, so that com-
parisons of the best size and biasing can be made.

Once the transistor size and the gate bias have been set, the next step is to simulate
the required ideal values for the output parallel inductor and the series capacitors,
following the high pass L-match network topology. When the ideal inductances for
the drain and the output stage inductors have been found, it is necessary to replace
them with real inductors. Although many CMOS processes offer a library of inte-
grated inductors, these inductors are not always useful for PAs. The inductors within
these libraries are usually implemented in the top metal layer with limited maximum
widths and therefore may have electromigration issues for high current flows. Along
with this, although they are wide enough to avoid electromigration, these inductors
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will be not optimized for both high frequency and high current flow applications. A
non-optimized inductor will have a great impact on a PA if the inductor is imple-
mented, for example, at the drain of the output stage. Therefore, they must be
optimized by means of specific design choices.

When the inductors are chosen, the previous simulations should be repeated in
order to check whether their parasitic components modify the optimal results. If this
happens, it is necessary to find new optimum inductances for either the drain or the
output matching network inductors and run a new simulation with these new
inductors.

Input Matching Network

Figure 6.31 shows the components that comprise a useful input matching for full
integration. The common-source transistors are biased by means of a low value resistor
(Ry) connected to Vpp, in parallel with the input inductor (Lyy). This circuit has the
advantage of simplicity while allowing broadband input matching. Along with this, in
the case of differential configurations, the input inductor can be implemented as a
balanced inductor in order to reduce the size of the matching circuitry.

Driver Stage

The next step in the design flow is the driver stage. This stage is designed to obtain
the required gain. Again, the simulations look for the optimum common-source
and cascode transistor size and gate bias voltage while sweeping the drain

Fig. 6.31 Schematic view of Voo
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inductor. As a first approximation, the output load of this stage is fixed at 50 Q.
The 50 Q load will be obtained by means of interstage matching. This matching is
required because the input load of the output stage is not large enough to permit
high gain for the driver stage. In addition, the driver stage must not affect the
linearity of the output stage. Regarding the PAE, the high gain and the relative low
current consumption of this stage will not have a great impact on the overall PAE
but the effect of the driver stage must be controlled so that the final PAE fulfills the
specifications.

As explained before, the input matching of the PA is performed by means of a
balanced inductor and the gate bias resistor dividers. The input matching inductor
value is fixed when the common-source and cascode transistor sizes are known. As
this inductor does not have to withstand high current levels, no extra consideration
has to be taken into account.

Interstage Matching and Stability

The last step of the design flow is to combine the first stage with the output stage.
At this step the stability of the PA must be also checked and ensured. In order to
meet both needs, the interstage matching can be implemented by means of a
decoupling capacitor and a series resistor. This series resistor avoids instabilities
caused by the output capacitor of the driver stage along with its drain inductor,
which sees the negative resistance provided by the output stage [6]. Even when the
value of this resistor can be high, either the gain or the efficiency are only slightly
affected because the resistor increases the output load of the driver stage and,
therefore, its gain.

Finally, the cascode transistor gates are connected to the supply voltage but not
directly. A series resistor is placed in series in order to stabilize the DC voltage at
the gates of the cascode pair. If no series resistor were added, a voltage signal at
RF would be coupled to the supply at the cascode transistor gates, affecting the PA
performance. Along with this, the resistor also improves the stability of the PA. It
must be also mentioned that as the PA can work in deep nonlinear regions, stability
must be ensured for any power level and with the help of large signal S-parameter
simulations because PA characteristics change for different power levels.

The next section describes the design flow of the inductors implemented in the
PA, which have received the name of power inductors.

Power Inductor Design

As mentioned before, the design of a PA often requires the use of custom-designed
integrated inductors because the inductor library offered by the foundry does not
usually cover the requirements that a PA imposes. In fact, these components
require some additional characteristics in order to be called power inductors.
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These on-chip inductors must consider the following aspects:

1. If the power inductor is designed to be a drain inductor, it must present low DC
resistance in order to minimize the supply voltage drop. As high DC currents
flow through them, even a DC resistance increase of only one ohm drops the
supply voltage seen by the transistors to several tenths of mV, which has a great
impact on the efficiency and linearity characteristics of the PA, as has been
observed in the model.

2. High Q values in the operating frequency band are essential for these kinds of
inductors, since they are placed in parallel to the load. As deduced from the
model, the high frequency resistance of these inductors affects the efficiency of
the PA because they consume power that should be delivered to the load.
Therefore, the quality factor curves must be optimized for the band of
operation.

3. The power inductors must present large sections to the currents in order to
avoid electromigration problems. That can be achieved by either increasing the
width of the top metal layer or by increasing the thickness by adding new metal
layers in parallel.

Top Metal Layer Width Considerations

Quite often the integrated inductors only make use of the thick top metal layer,
commonly offered in modern RF CMOS processes, and are optimized by modi-
fying only the geometrical characteristics of this metal track.

The advantage of using the thick top metal layer is that it withstands the highest
current flows and the lowest resistivity, and a small width increase allows con-
siderably higher current flows and a noticeable parasitic resistance reduction.
However, the high current requirements of PAs can demand an extremely wide
track that would degrade the inductor performance if only the last metal layer is
used.

In addition to that, several studies [7, 8] recommend using metal track widths
not exceeding 15-20 um for high frequency applications, mainly due to the
proximity effect, which degrades the inductor’s Q performance. Even when this
recommendation varies with each process characteristic—metal layer thickness,
distance from the substrate, substrate conductivity, etc.—it is always true that there
is an inductor track width beyond which only detrimental effects on the inductor’s
QO will be observed [8].

On the other hand, the process usually sets a width limit that should not be
exceeded without the use of metal slots, which in turn decreases the actual width.
A value of 20-30 um is a typical width limit before metal slots are required to
avoid metal stress issues. Furthermore, there is also an absolute maximum width
that cannot be exceeded; 50 um is a typical value.
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Finally, Q enhancement techniques such as variable width [9] are far from
practical in wide track power inductors. Therefore, the metal track width increase
cannot be the only design choice in power inductors.

Multiple Metal Layer Considerations

In order to overcome the current flow constraint, while reducing the track width,
the possibility of adding new metal layers in parallel must be also considered.

First, there are certain drawbacks that must be taken into account, e.g. the
coupling capacitance and the skin effect increase. It is true that the use of several
metal layers in parallel increases the coupling capacitance of the substrate; how-
ever, this effect is not high if only the last metal layers are used. Furthermore, as
the increase in the number of stacked metal layers is followed by a track width
reduction for the same current flow level, this effect is counteracted. Along with
this, modern CMOS processes offer 6 or more metal layers, so that the last top
metal layers are still far from the substrate. Several studies [7, 10] suggest
moreover that is not worth using more than 2-3 metal layers because beyond this
number the improvement is indiscernible. On the other hand, it is also recom-
mended that some metal layers be kept for the underpass, so that no more than half
of the total number of the available metal layers should be used.

Another drawback in the use of several metal layers is that the skin effect is
more noticeable because the track width is reduced. However, the influence of the
skin effect is negligible when compared to that of the proximity effect up to
frequencies of 4-5 GHz [7]. Along with this, although the proximity effect
between the stacked metal layers induces some losses, they are compensated by
the fact that this effect decreases as the track width is reduced. In fact, some studies
present inductor Q improvements when several metal layers are placed in parallel
[10, 11].

Along with this, an interesting advantage of using several metal layers in
parallel is that electromigration problems can be overcome with fewer metal stress
problems. The reason is that metal stress is reduced when vias are used for metal
layer interconnection, so that the process width limit for metal slots can be relaxed
[12].

Finally, and especially for drain inductors, which require very low DC resis-
tance the number of metal layers must be maximized. The reason comes from the
fact that for a given inductance value and track section, the length of an inductor
decreases as the number of stacked metal layers is increased. As a consequence,
the value of the Rpc is reduced [13].

Therefore, for power inductors, and especially for those implemented as drain
inductors, maximizing the number of metal layers is the best choice.
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Inductor Geometry Considerations

Finally, there are some other helpful design rules regarding the geometry that must
be considered in the optimization of the power inductor.

1.

Inductor Internal Radius: Several studies state that integrated inductors should be
designed to be hollow in order to reduce the influence of the proximity effect [14].
This rule is quantified in a value of 5 times the inductor width. However, it can be
relaxed whenever the inductor does not exceed 2.5 turns [7]. For power inductors
the possibility of relaxing this design rule is positive because it can lead to a
reduction of the inductor area without affecting the inductor’s Q performance.
Number of turns: The main effect caused by an increase in the number of turns is that
the magnetic fields within the inductor are increased. Then it is possible to
implement an inductor with the same inductance but less area for a specific
inductance value. This area reduction means a smaller Rpc and a smaller oxide
capacitance, so the Q curve can be shifted upward. This is usually required in order
to set the maximum of the Q curve at a high frequency operation band. Therefore,
the increase of the number of turns has a positive effect on power inductors.

For small value inductors, an increase in the number of turns is not always possible,
because the internal radius rule could not be fulfilled due to their relative small
dimensions. However, this drawback is not crucial because the shifting up of the
Q is not required due to the small dimensions and the Rpc is low enough due to the
great track sections.

. Number of sides and track spacing: The integrated inductor should be designed

with the highest number of sides allowed by the process, because the inductor’s
performance improves in terms of inductance and Q [7]. At the same time, the
spacing between tracks should be the smallest allowed by the process because it
increases the inductance with no increase resistance. Although the lateral
capacitive coupling between tracks must be also considered as it shifts down
the Q curve, as a starting point the minimum spacing should be used.

. Geometry of the vias: The geometry of the vias connecting in parallel the

different metal layers also affects the Q performance of the inductor. The best
configuration corresponds to longitudinal vias and, if the process does not allow
them, discrete vias should be used along the whole metal track [7]. Both
configurations are shown in Fig. 6.32.

In addition, there is an extra advantage in the use of vias because, as has been
mentioned before, it is possible to have an un-slotted track width beyond the
one recommended by the process since irregularities caused by the vias on the
track act in the same way as metal slots [12].

. Ground shielding: Ground shielding has been proposed as an inductor

Q enhancement technique, as it minimizes the losses of the magnetic field in the
substrate by means of a plane made of metal, polysilicon or diffusion placed
below the inductor. However, this technique is not always beneficial and can
even degrade the Q of an unshielded inductor [11, 15, 16]. Furthermore, ground
shielding has an important drawback since it increases the coupling capacitance
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Fig. 6.32 Tri-dimensional view of longitudinal and discrete via configurations

to ground with a corresponding drop of the resonance frequency [16, 17]. In the
case of inductors for PAs it is further aggravated by the fact that they require
wide tracks and stacked metal layers for the turns and the underpass. Therefore,
the use of ground shielding is not recommended for multi-layer inductors
intended for PAs.

Some reports [18] show greater improvements in the Q with no resonance
frequency drop. However, the results presented in [18] are valid only for dif-
ferential inductors and require of at least one metal layer for the shielding.
Finally, the isolation from the substrate achieved by the ground shielding
technique [16, 17] can be also solved by means of guard rings around the
inductors without much affecting their performance.

The trade-off between the number of metal layers and the metal track width for
a specific inductor, along with the amount of current it has to withstand is not an
easy task. Therefore, although the use the previous rules help focus the optimal
design, an electromagnetic simulator for these types of inductors is still necessary.

Accuracy Analysis of the Electromagnetic Simulator

The Agilent Momentum simulator is an appropriate option for performing planar
inductor electromagnetic simulations. We checked the accuracy of Momentum by
means of several simulations involving inductors fabricated in the same CMOS
process. Two families of balanced and non-balanced inductors were used. The
balanced inductors were labeled B1-B5, the non-balanced inductors were labeled
NB1-NBS5. Figure 6.33 shows a view of the chip that includes the balanced
inductors.

The main parameters of the inductors appear in Table 6.2, where W indicates
the inductor width, N the number of turns and S the spacing between turns. The
internal and external diameters are also included. The inductors chosen cover
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Fig. 6.33 Layout view of the balanced inductor library

Table 6.2 Description of the inductor set used for checking Momentum’s accuracy
Ref. M. Layer (Underpass) W (um) InternalD (um) ExternalD (um) N S (um)

NBl M6 (M5) 20 238 322 15 2
NB2 M6 (M5) 20 136 264 25 2
NB3 M6 (MS) 18 136 252 25 2
NB4 M6 (M5) 18 168 284 25 2
NB5 M6 (MS) 15 195 293 25 2
Bl M6 (MS) 20 74 200 25 15
B2 M6 (MS) 10 175 218 15 15
B3 M6 (MS) 20 94 220 25 15
B4 M6 (MS) 16 63 200 35 15
B5 M6 (MS) 14 48 200 45 15

inductance values from approximately 1 to 3 nH. This range of values was con-
sidered sufficient for the design of the power inductors suitable for a wide range of
possible PA implementations.

Tables 6.3 and 6.4 show the results of two different simulations and the relative
errors when compared to measurements. Table 6.3 contains the results and com-
parisons of a Momentum simulation using a closed boundary configuration for the
substrate. Closed boundary means that the substrate has been configured in the
Momentum process file with the bottom of the substrate connected to a GND
perfect conductor. On the other hand, Table 6.4 shows the results and comparisons
of a Momentum simulation using an open boundary configuration for the substrate.
In this case, open boundary means that the substrate has an infinite thickness.
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Tables 6.3 and 6.4 show that inductance errors are low, namely below 10 % for
the typical closed boundary configuration. Conversely, the errors for quality factor
and frequency of maximum Q values are significantly higher. It must be mentioned
that moderate Q errors are not so crucial, first because an error of 2 or 3 units for a
measured Q value of 10 can be accepted, which means a 20-30 % error rate.
Second, because Q curves are usually quite flat for a wide frequency range, a
maximum frequency error of, approximately, 1 GHz in the 5 GHz band can be
allowed, which means 20 % in frequency error.

However, it is possible to improve the accuracy of the simulations if the sub-
strate shows infinite thickness. If the open boundary configuration is used, the
simulations introduce extra losses and, therefore, the quality factor values and the
relative errors decrease. This accuracy improvement also allows the Q curve to be
centered more exactly on the frequency band of interest. Along with this, induc-
tance errors for open boundary configuration are still low if Tables 6.3 and 6.4 are
compared.

Results from Tables 6.3 and 6.4 indicate that Momentum is a valid electro-
magnetic simulator, because the inductance errors stay at around 10 % for
inductance and quality factor measurements if the open boundary configuration for
the substrate is used.

Finally, as Table 6.2 illustrates, only top metal layer (M6) has been used for
inductor simulations and measurements, but power inductors could require the use
of several metal layers in parallel. However, it is expected that Momentum will
show similar accuracy as that presented for the previous inductors. On the other
hand, as observed in Tables 6.3 and 6.4, some values regarding the frequency of
maximum Q do not appear. The reason is that this frequency is beyond 10 GHz in
measurements or in simulations.

Power Inductor Design Flow

Power inductors are implemented as drain inductors for the driver and the output
stages of the PA and for the output matching network. The design flow of these
inductors is as follows:

1. First, an ideal inductor value is placed in the schematic view of the PA and an
optimal ideal inductance value is obtained from simulations. As a first step, it is
also essential to keep the maximum DC (Ipc) and peak RF current (Iggpi)
flowing through them, as it will set the width and number of metal layers of the
inductor.

2. The next step is to determine the number of metal layers and the width that the
inductor shall have. This decision is based on the aforementioned rules along
with the values of the DC and RF peak current levels and the current density of
the metal layers in order to avoid electromigration issues.
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3. Any integrated process establishes a maximum current density (Jyax) that can
flow through a metal layer in order to avoid electromigration issues. Current
density parameter is given in mA/um units for each metal layer. The minimum
width (W) of a specific metal layer can be calculated by (6.38).

IDc—i-I”T‘zp"

W(um) = 1.2 (6.38)

Jyax (mA/ um)

Where the 1.2 factor is included as an extra margin.

If the metal layers are placed in parallel, their current density values are added
for width calculations, so that the more layers there are in parallel, the smaller the
final width of the inductor.

In the Momentum simulations, vias are simplified using the external walls so
the edge of a metal layer is connected to the adjacent one, as illustrated in
Fig. 6.34. It can differ from typical CMOS process implementations, in which vias
are shaped as multiple squares. However, multiple square vias would slow down
Momentum simulations excessively, and this simplification facilitates the simu-
lations while achieving accurate results.

As an implementation example, Fig. 6.35 shows within the test fixture the
layout of a power inductor intended for the drain of a high current driver stage of a
PA. Therefore, the design of this inductor aims for both high Q at the operating
frequency and low DC resistance.

This inductor must withstand 160 mA of DC current, so in order to avoid
electromigration problems, the last three metal layers (M6, M5 and M4) have been
used in parallel to implement the inductor that has 1.5 turns and is 28 um wide.
The other three metal layers (M3, M2 and M1) have been used for the underpass.
Note that the underpass has a different width. The reason is that the overall
maximum Jyax of the top three metals layers is higher than that of the first three
ones.

Fig. 6.34 Detail of the cross section of an inductor. Vertical walls considered by Momentum
appear in purple between two metal layers (striped grey and red)
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Fig. 6.35 Non-balanced power inductor layout with a width of 28 pm, three metal layers and 1.5
turns inside its test fixture

It must also be noted that, as mentioned before, although the inductor width
exceeds the limit beyond which metal slots are required, it is not problematic because
the use several metal layers connected with vias reduces the metal stress [12].

Finally, following the previous rules, in order to reduce the inductor area, the
internal radius is less than two times the track width with no Q degradation and
uses the maximum number of sides and the minimum track spacing allowed by the
integrated process.

Momentum requires the thickness, conductivity and permittivity of the process
dielectric and metal layers to perform the simulations. A process file that included
the available metal layers, Si0, dielectric layers and lossy substrate was imple-
mented. By means of this file and the layout implementation, Momentum gives the
S-parameters as a result of the simulations. Those parameters can be translated into
quality factor (Q) and inductance (L) values by means of Egs. (6.39-6.44).

S12821
S
S11

St,oNePorT = S11 —
(6.39)
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As (6.39) to (6.44) show, inductance and quality factor values are a mean of the
values measured from both ports of the inductor. That is advisable for non-bal-
anced inductors in which the L and Q curves are different when measured from one
port or the other.

It is possible to implement the model of the simulated inductor in CADENCE
by means of the S-parameters. However, CADENCE cannot perform nonlinear
simulations with the S-parameter model so it is necessary to obtain a lumped
model for the inductors. In order to obtain a lumped model, the compatibility
between Momentum and ADS is used with an ADS schematic view in which a
generic PI-model is compared to the S-parameter file from Momentum. The ADS
optimization process equates the performance of the PI-model to that of the
Momentum S-parameter file by sweeping the values of the PI-model’s lumped
components. The model presented in Fig. 6.36 shows the components of the PI-
model used in the ADS fitting process. Finally, the lumped PI-model is copied to
CADENCE.

Finally, the description and measured results of some power inductors will be
presented and compared to measurements in the following chapter.
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Fig. 6.36 Schematic view of Coar
the PI-model utilized for the _ 1/ _
inductors. Cp,, refers to the - I\ s

coupling capacitance between
windings. L, is the < I Z 6 6 5\ A AN |
inductance and R, the
parasitic resistance. C,y refers Coxd A1~ Lser Rser 1~ Coxo
to parasitic capacitance to the
substrate and Cgy, and Rgy,
models the substrate

Ceubt T~ Rsub1 Rsub2 1~ Coub2

Layout Design

The layout of a PA presents several issues that must be taken into account to avoid
performance degradation from the expected results.

Circuit Isolation

The overall layout of the PA must be surrounded by a guard ring implemented
with all the available metal layers connected to ground and to the substrate. The
purpose of this ring is to isolate the PA from the other circuits presented in the
same die and the ring should be kept when connected to the other circuits of the
transceiver. In Fig. 6.37 an example of a PA layout is shown. As can be observed,
the ring is not closed in order to keep current from flowing through a low
impedance closed loop, which would create an electromagnetic field and affect the
performance of the PA.

Differential Design Considerations

As was previously mentioned, a differential design is an appropriate choice for the
implementation of a linear PA. In order to keep the differential characteristics of
the circuit some rules must be followed.
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Fig. 6.37 Layout view of a fabricated PA comprising two stages, the input and output matching
networks and the interstage network. The PA is surrounded by a wide multi-layer metal track
connected to ground

Balanced Inductors

As Fig. 6.38 shows, in order to keep the topology of the PA differential the input
matching network should be composed of a balanced inductor. The use of a
balanced inductor also serves to save extra area in differential architectures.

The balanced inductor of the output stage is shown in Fig. 6.39. As can be
observed, the series capacitors of the impedance downconversion network are
placed above and below the balanced output inductor, and they are placed as close
as possible to the inductor in order to reduce any parasitic inductance. The metal
track interconnection has been implemented using the top metal (M6), because it
presents the greatest thickness. It allows a smaller width for the tracks, which is
important due to the high current levels that flow through them. However, as it was
necessary to implement tracks wider than 20 pm, slots were required in order to
avoid stress problems during the fabrication process [12].

Common-Centroid

A differential topology is improved if a symmetric configuration is implemented,
as is the case of the balanced inductors in both the driver and the output stages. But
a differential topology is not ensured only by means of a symmetric configuration
because process dispersions do not act everywhere in the chip equally. A common-
centroid configuration for all the components placed in the differential branches
should also be implemented. Figure 6.40 illustrates an example of this topology
for the common-source and cascode transistor of a PA.
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Fig. 6.38 Layout of view of the input matching network, which comprises a balanced top metal
layer inductor and the gate resistor differential pair

Fig. 6.39 Layout of the output matching network, which comprises a balanced three metal layer
inductor and the MIM capacitor differential pair
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Fig. 6.40 Layout of the output stage based on the common-source and cascode transistor pairs.
Interconnection between cascode transistors and supply voltage through the RC resistor is also
shown

In Fig. 6.40 the resistor Rc is also shown. It serves both to desensitize the gate
voltage variations of the cascode transistors and to ensure stability. The value of
this resistor can be high so it can be implemented in a non-silicided polysilicon
layer, which provides high resistance for small area resistors.

In order to improve differentiability between branches, it must also be taken
into consideration that transistors in the output stage of a PA may have great
widths (in the order of mm) and that process dispersions increase with the sepa-
ration of the components. Therefore, each transistor of the differential pair must be
formed by interdigit transistors with the maximum size allowed by the CMOS
process in order to keep the design compact so that transistors are kept as close
together as possible. In the layout of Fig. 6.40, the transistors are implemented in
two columns of eight transistors. The group placed on the left corresponds to the
common-source transistors whereas the group on the right comprises the cascode
ones.

Note that the common-centroid topology increases the complexity of the
transistor interconnections. Thus, the parasitic capacitance is increased, as the
topology requires lower metal layers be used and the crossing of the different metal
tracks be increased. However, this topology ensures that the differential perfor-
mance is maintained despite process dispersions. The specific common-centroid
implementation reduces the parasitic capacitance by minimizing both the metal
track crossings and the metal track width.
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Fig. 6.41 Transistor
distribution of the
common-centroid
configuration used for both
the common-source and the
cascode transistors of the
output stage

With regard to the metal tracks, in order to minimize parasitic capacitance, they
must be dimensioned just to withstand the current flowing through them. Thus,
when a metal track diverts a certain amount of current to, for example, a transistor
drain, the track width is reduced.

Again, the use of slots in the metal tracks is required by the high current levels,
with the slots being placed in parallel to the current flow in order to minimize the
impact on the current density.

Finally, a distribution of the common-source and cascode transistors used in the
common-centroid configuration is illustrated in Fig. 6.41. Either the common
source or the cascode transistor pairs follow the same transistor distribution. The
transistors named A belong to one of the differential branches whereas the B
transistors belong to the other.

Passive Components

Passive components implemented in high frequency differential PAs will have
specific characteristics. In the following sections, resistors and capacitors are
discussed.

Low Value Resistors

As mentioned before, low value resistors are required at least for the driver and the
interstage matching networks. These resistors are usually based on the polysilicon
layer of the CMOS transistor gates but with the silicide implant, that is used to
reduce the resistivity, blocked. Therefore, resistivities of about 100 €/square can
be achieved. When these resistors are going to be used in differential topologies it
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Fig. 6.42 Layout of the interstage matching, which comprises the series capacitor and series
resistor pairs in common-centroid configuration

is essential that the effects of process dispersions be reduced as much as possible.
In order to reduce these effects, which affect differentiability, a length/width factor
of 3-5 and a width five times the process minimum feature size rules should be
followed [12]. Thus, sometimes it is necessary to put several resistors in parallel in
order to obtain low values with these kinds of resistors. Another way to reduce
resistor tolerances during the fabrication process is the use of dummy polys at both
sides of the resistors, which is the case of all resistors used in this design [12].

An example of the combination of common-centroid configuration, the use of
several resistors in parallel and dummy polys is illustrated in Fig. 6.42 for the
interstage matching resistor. In this case, twelve non-silicide polysilicon resistors
in parallel for each differential branch have been used. The distribution of the
common-centroid configuration is illustrated in Fig. 6.43.

RF Capacitors

The capacitors that are used for the output and the interstage network imple-
mentation are Metal-Insulator-Metal (MIM) capacitors. They are composed of two
parallel plates using one of the last metal layers and an auxiliary metal layer. This
extra metal layer is extremely close to the other so that the capacitance per area is
relatively high (1fF/um?), making the implementation of several pF capacitors
possible.
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Fig. 6.43 Series resistor pair
distribution of the common-
centroid configuration

Some processes also offer MOS capacitors derived from high area MOS tran-
sistors. Their advantage is that they present higher capacitance per area. However,
they have worse quality factors, as their plates show more series resistance; fur-
thermore they are closer to the substrate increasing parasitic capacitance. Conse-
quently, they are not suitable for high frequency applications and usually there is
no RF model for them.

Stage Isolation

As mentioned before, the implemented series resistor between stages improves
stability. However, the stability of a PA can decrease if the amplifier stages are not
well isolated, since signals could travel through the substrate, creating a feedback
loop that decreases isolation and consequently the stability factor K. In order to
avoid that, physical separation and substrate contacts between stages must be
implemented, as illustrated in Fig. 6.44.

Finally, high value coupling capacitors should be placed between ground pads
and the different supply voltage pads as illustrated in Fig. 6.44.



148 6 Power Amplifier Design

Fig. 6.44 Layout detail of the substrate contacts between stages and the coupling capacitors
between supply voltage pads and ground

Pad Design

The pads used for circuit characterization are not usually implemented in the final
transceiver design, in which ESD protection is also required. However, in order to
avoid a loss of performance in the testing process, some considerations must be
taken into account. First, it is recommended that the pads be designed as octagonal
shapes, which reduces their parasitic capacitance without affecting the required
testing area. There are three different configurations for the three different possible
types of pads: GND (Ground) pads, supply and bias voltage pads, and RF pads.
Their cross sections are illustrated in Fig. 6.45.

The pads designed for GND present all the six metal layers connected to the
substrate by contacts.

The pads used for DC signals use the six metal layers as well in order to
increase their robustness. Furthermore, the relatively high parasitic capacitance of
these pads to ground is useful, as it helps stabilize the different supply and gate
bias voltages.

The RF pads comprise the last two metal layers (M6 and M5) in order to make
them robust enough for the testing process. No more metal layers are necessary as
the top metal (M6) presents great thickness and minimum parasitic capacitance is
desired. The first metal layer (M1) is placed below the RF pad in order to isolate it
from the substrate. It is normally connected to ground, but if this connection is
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PAD GND PAD VDD PAD RF

AR

Fig. 6.45 Cross section of the different pads used in the design

avoided the parasitic capacitance can be reduced because metal-to-metal and
metal-to-substrate parasitic capacitances are now placed in series.

A comparison of the Vpp and RF pad models is shown in Fig. 6.46. As can be
observed, the parasitic capacitance is greatly reduced in the case of the RF pad.

Fig. 6.46 Schematic models PAD Vpp PAD RF
of the Vpp and RF pads. The
models are based on a
parasitic capacitor to the
substrate in series to a
substrate resistance to ground

|—o

T~ C=226.18 fF -~ C=4729fF

NV

R=250Q § R=250 Q
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Conclusions

In this chapter the design flow of a fully integrated linear CMOS PA has been
discussed. Firstly, a mathematical model predicting the performance of the PA was
detailed. This model can be fed by the main design parameters of the PA amplifier,
such as the power gain, the supply voltage, the polarization and the expected
inductor quality factors. As a result the model quantifies the performance of the PA
in terms of linearity (P14g and Psat) and efficiency (174 and PAE). The design flow
then presented the steps that must be followed in order to optimize the schematic
circuit of the PA for a specific CMOS process. Finally, several useful layout rules
for the PA were presented, with special attention given to the inductors placed at
the output network and the output stage, as they have a great impact on the final
PA performance.
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Chapter 7
Test Setups and Results

Abstract This chapter presents and discusses the measurements that are required
to characterize PAs and power inductors. The setups required to perform the tests
are also described, along with several recommendations for improving the accu-
racy of integrated circuit measurements.

Equipment

The main RF equipment required to perform the tests that characterize the
inductors and the PA is listed in Table 7.1. Additionally, Agilent Advanced Design
System (ADS) and Vector Signal Analysis (VSA) 89600 software tools are used to
measure a PA with a digital channel. The following sections describe the test
setup, the procedure for characterizing the circuit and the results.

Inductor Characterization

Accurately characterizing the inductors implemented in an integrated PA is
extremely important in order to correctly evaluate the final performance of the PA
in terms of output power, efficiency and linearity. The characterization of such
inductors requires a careful procedure in order to obtain accurate measurements.
The parasitics of the test fixture in which the inductor is embedded must be
completely removed. When the inductors are intended for a PA with wide metal
tracks and several stacked metal layers, correct test procedure is crucial; otherwise
the errors made during the characterization process will impact on the design of
the PA, introducing large errors between simulated results and measurements. In
the following sections, the correct setup for inductor characterization is detailed,
and some useful recommendations for getting accurate results are given.

H. Solar Ruiz and R. Berenguer Pérez, Linear CMOS RF Power Amplifiers, 153
DOI: 10.1007/978-1-4614-8657-2_17,
© Springer Science+Business Media New York 2014
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Table 7.1 Description of the equipment used in taking PA measurements

MODEL

DESCRIPTION

Agilent E4438C
Agilent E4440A
Agilent ES071A
Agilent ES8408A
Agilent E8491B
Agilent 89605B
Agilent E1439A
Agilent E3646A
Keithley 2000

Anaren 30057

Weinschel 7006

Vector signal generator, 250 kHz to 6 GHz
Spectrum analyzer, 3 Hz to 26.5 GHz

Vector network analyzer, 300 kHz to 8.5 GHz
VXI mainframe

IEEE 1394 port module

Input module

95 MSa/s ADC + FILTER + FIFO 4+ 70 MHz IF input module
DC power supply

Digit multimeter

4-8 GHz 180° hybrid coupler

100 kHz to 20 GHz DC block

Weinschel 41-30-12 DC to 18.0 GHz 1 W 30 dB attenuator
Cascade SUMMIT 9101 Probe station

Cascade ACP40-D 150 um SGS-type microprobe

Agilent 82357A GPIB/USB adapter

Test Setup

Figure 7.1 shows the basic setup for characterizing an integrated inductor at RF
frequencies. The test equipment consists of a Vector Network Analyzer (VNA), a
probe station and the RF probes.

The VNA allows the S-parameters of the inductor to be measured, which will
be further processed in order to obtain the inductor’s inductance and quality factor.

The probe station ensures that the RF probes can be placed onto the inductor
with highly accurate alignment, and it tightly controls the pressure applied to the
probes as well. Accurate alignment and correct pressure are crucial for accurate
results. In manual probe stations, alignment and pressure are enabled by means of
the X, y and z micrometers. Along with this, the planarity micrometer allows the
planarity of the probes to be adjusted.

The probes acts as an adapter between the traditional coaxial interface used
with RF cables and the contact pads placed on the chip on-wafer. For RF mea-
surements the most common probe is the air coplanar probe (ACP). As the name
indicates, ACPs are implemented as a coplanar waveguide in air. When the pads
are made of aluminum, the tips of the probe are usually made of tungsten (W).
Because the tungsten (W) probes are firm, they break through the oxide film and
make good electrical contact with the pad [1].
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Fig. 7.1 Setup for inductor characterization

Prior Steps

The procedure for accurately characterizing inductors starts with considering two
aspects related to the probe, namely planarization of the probe and skating.

Planarization

Before proceeding with any measurement, the first step is to check the planarity of
the probes. One of the reasons is the probes may be aged, which often means that
the tips are often no longer on the same plane. Figure 7.2 shows the case of a
Ground-Signal-Ground (GSG) probe that has worn out. As we can see, the ref-
erence plane at the probe tips is no longer a straight line. This poor reference plane
definition will introduce large errors in the inductor’s measurement [1].

The common way to check probe tip planarity is by means of a contact substrate
[2]. The contact substrate is simply a metalized field, and when the probes are
lowered onto this field, the probe tips leave scratches in the metal, as shown in
Fig. 7.3. Different scratch depths reveals that the probe tips are not on the same
plane. If the scratches show that the lack of planarization is not caused by aging
but rather it is only because the probe is rotated with respect to chip plane, the
planarity micrometer allows the effect to be corrected, as is shown on the left side
of Fig. 7.3.



156 7 Test Setups and Results

Reference plane

Planar tips Non planar tips

Fig. 7.2 Effect of aging on the RF probe

Planarized probe Non planarized probe

Fig. 7.3 Test on the contact substrate revealing the status of the probe in terms of planarization

Skating

When a coplanar probe touches down on the pad, the tip is normal to the wafer
surface, but because the probe’s body is at an angle to the wafer, lowering it more
causes the tip to move across the pad, as Fig. 7.4 shows. This phenomenon is
known as skating, and it is always necessary since pad metal layers may not be
deposited with the same thickness on all wafers, and that may cause connectivity
problems. Skating ensures good electric contact with the pad.

Skating is especially important when performing a VNA calibration or inductor
measurements after calibration because the parasitic effects between the probe tip
and the pad will depend on the applied skate. In order to perform accurate mea-
surements it is important that the values of the probe tip parasitics remain constant.
If the amount of applied skating is different from calibration to inductor mea-
surements, the values for the probe tip parasitics will not remain constant, thus
introducing uncertainty, especially at high frequencies. Therefore, it is essential
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Fig. 7.4 Effect of skating on
the pad

that the probe touches the pad with a consistent pressure from touch-down to
touch-down. The pressure can be adjusted by applying a proper amount of over
travel and skate by means of the probe station’s z micrometer. To guarantee
reliable contact, a minimum skate of 45 um should be applied when using a
tungsten probe over an aluminum pad [1].

Cleaning

After extended use, the probes accumulate small aluminum fragments, for example
during the scrubbing action of the skating, which requires periodic cleaning.
Probes can be cleaned with either compressed air or isopropyl alcohol applied with
a swab [2]. When wiping, movement should be away from the probe tips; other-
wise the tips may be damaged.

Calibration

The calibration procedure removes the systematic and drift errors that come from
imperfections in the VNA, temperature changes, interference, etc. The calibration
procedure consists of replacing the inductor to be measured with well-known
calibration standards and making use of the results to solve the error parameters. In
the case of on-wafer measurements, the well-known calibration standards are the
ones contained in an impedance standard substrate (ISS). There are many cali-
bration approaches, but the most extended one is the SOLT (Short-Open-Load-
Thru) approach [1].

For correct calibration, it is very important that proper planarization of the
probe has been performed beforehand. In addition, the skating should be adjusted
by using the alignment marks; otherwise the parasitics of the standard may change
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from the well-known ones and have an impact on measurement accuracy. The
skating should be replicated on the inductor measurements for accurate results.

The calibration procedure assumes that both probes are sufficiently isolated
during measurement; thus it is important to guarantee that both ports are properly
isolated. It is usually sufficient to lift the other probe in the air and move it a few
centimeters when measuring the short or the open standards. In particular, for the
thru standard probe alignment should be very accurate, including the distance
between the probes.

Once the system is calibrated, the quality of the calibration should be checked.
A good way to check it is to re-measure the calibration standards with the cor-
rection enabled. This way we can check that probe contact during calibration has
been consistent. Typical values for the absolute S-parameters are (7.1) for the open
standard and (7.2) for the short standard. Finally, (7.3) and (7.4) are the recom-
mendations for the load and the thru standards, respectively [3].

|S11| = 0dB + 0.05dB° (7.1)
IS11| = 0dB + 0.1dB (7.2)
IS11| < — 40dB (7.3)

|S11|7 |522‘ < —40dB
1S51],1S12| = 0B + 0.02dB

De-Embedding

Due to the difficulty of building probe tips that are small enough to directly
measure the inductor, a dedicated on-wafer test fixture becomes necessary, as
shown in Fig. 7.5. Several design rules can be followed in order to minimize the
parasitic effects of the test fixture [1]. However, as the test fixture always influ-
ences the inductor measurements, some de-embedding procedure is required in
order to extract the effect of the test fixture parasitics from the measurement.

The de-embedding process consists of removing the parasitics of the test fixture
by first modeling the parasitics as S-parameters circuits, i.e. parasitic admittances
and impedances. The whole set of the parasitics of the inductor test fixture can be
seen in Fig. 7.6.

Once we have represented the test fixture by admittances and impedances, now
several in-fixture standards are necessary in order to accurately characterize the
parasitics introduced by the test fixture. The in-fixture standards needed to char-
acterize the ten parameters of the test fixture are the single open, single short, open
and short. Figure 7.7 shows the single open and single short in-fixture standard and
Fig. 7.8 shows the specific parasitics that can be calculated from this in-fixture
standard to further remove the parasitics from the measurements of the inductor
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Fig. 7.5 Output stage drain
inductor within its test fixture

Fig. 7.6 Test-fixture model

Fig. 7.7 Single open, single
short in-fixture standard

within its test fixture. These specific in-fixture standards are based on the de-
embedding procedure proposed in [3]. It must be noted that this de-embedding
technique can be simplified if the test fixture is properly designed so that some of
the parasitics can be considered negligible [1].
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Fig. 7.8 Parasitics that are Single open
extracted by means of the
single open, single short in-
fixture standard (when both
the open and short are applied
to each probe)

Single short

Results

Once the de-embedding process has properly removed all the test fixture parasitics,
it is possible to calculate the actual inductance and Q of the inductor. As the VNA
provides S-parameter values, Eqs. (6.39-6.44) can be used in order to translate the
S-parameters into impedances and finally into inductance and Q values. Figure 7.9
shows the inductance and Q results for the 1.5-turn inductor that is 28 pm wide
and has three metal layers in parallel that was used as the drain inductor for the PA
output stage, whose layout is shown in Fig. 7.5. The inductance results can be seen
in Fig. 7.10.

Figure 7.9 and Fig. 7.10 also show the inductance and Q measurements as
compared with the ADS simulations using closed and open boundary configura-
tions for the substrate. As discussed in Chap. 6, the open boundary configuration
that implements infinite substrate thickness achieves more accurate results, and in
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Fig. 7.11 Driver stage drain
inductor within its test fixture

this case it’s not only for the Q but also for the inductance results. This conclusion
is also confirmed by the measurements of the drain inductor of the PA driver stage.
This inductor, shown in Fig. 7.11, has been implemented with two metal layers in
parallel, which are 20 Im wide, and have 1.5 turns. In addition, Figs. 7.12 and 7.13
illustrate the measured results compared to the ADS simulations.

The balanced inductor of the output matching network shown in Fig. 7.14 also
provides improved results when the open boundary configuration is used, as can be
seen in Figs. 7.15 and 7.16. This inductor is a balanced two metal layer inductor
that has 2.5 turns and is 20 um wide.

Finally, the balanced inductor of the input matching network has been also
measured and compared with simulations. Figure 7.17 presents a 16-pum-wide
inductor that is implemented using only the top metal layer. Its Q and inductance
results are found in Figs. 7.18 and 7.19. In this case, the closed boundary con-
figuration provides more accurate results. However, the simulation errors are low
also for the open boundary configuration.
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Fig. 7.12 Measured and
simulated Q values of the
driver stage drain inductor.
Measurements are compared
to simulations performed
based on the open and closed
boundary configurations

Fig. 7.13 Measured and
simulated inductance values
of the driver stage drain
inductor. Measurements are
compared to simulations
based on the open and closed
boundary configurations

Fig. 7.14 Balanced inductor
of the output matching
network within its test fixture
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Fig. 7.15 Measured and
simulated Q values of the
balanced inductor of the
output matching network.
Measurements are compared
to simulations based on the
open and closed boundary
configurations

Fig. 7.16 Measured and
simulated inductance values
of the balanced inductor of
the output matching network.
Measurements are compared
to simulations based on the
open and closed boundary
configurations

Fig. 7.17 Balanced inductor
of the input matching
network within its test fixture
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Fig. 7.18 Measured and 14
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Finally, Table 7.2 shows, for the different inductors, the model values obtained
from the measured S-parameters file. The model used for the inductor is the PI-
model presented previously in Chap. 6 and shown again in Fig. 7.20. As we also
saw in Chap. 6, ADS software can be used to obtain the different values of the
model components (Cpars Lsers Roers Coxs Coub and Ryyp), although this time the
values have been obtained from the file of the measured S-parameters provided by
the VNA.

PA Characterization

The test setups for characterizing RF CMOS PAs depend on the parameters that
are to be measured. These parameters are divided in two groups, whether they have
been carried out using the single-tone analysis or using a digital channel analysis.
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Table 7.2 Obtained values for the PI-model based on the measured results for inductors

Inductor lumped model

Parameter Ind. D2 Ind. D1 Ind. OUT Ind. IN
(Fig. 7.5) (Fig. 7.11) (Fig. 7.14) (Fig. 7.17)
Reer (Q) 1.126 1.6 3.67 4.156
Ly (pH) 471.9 594.7 1643 1715
Ryp1 (Q) 1038 1749 824.2 1926
Ry (Q) 3266 5990 2393 2000
Cox1 (fF) 300 116.7 89.81 53.28
Coxr (fF) 1134 77.1 153.8 58.37
Coun1 (fFF) 48.13 33.15 32.7 19.93
Coun2 (fF) 449 53.53 49.47 50.49
Coar (fF) 1.24 3.25 29.28 11.13

par

Fig. 7.20 The PI-model Crar
utilized for the inductors. C 1/
refers to the coupling AN
capacitance between
windings. L, is the ® (Z ;&5\ ANAN ®
inductance and R, the
parasitic resistance. C,y refers Coxi A1~ Lser Rser 1~ Coxo
to parasitic capacitance to the
substrate and Cg,, and Ry,
models the substrate

Csub1 an Rsupt Rsub2 /F Csubz

Single-Tone Tests

This section presents the procedure to follow in order to obtain the input matching,
the power gain, and the current consumption, the P 4g, the Psat, the PAE and the
PA stability. All these parameters can be obtained by the so-called single-tone test.

Test Setup

A diagram of the test setup is shown in Fig. 7.21. The test requires a Vector
Network Analyzer (VNA), the power supplies and digital multimeters. Addition-
ally, the single/differential conversion for input and output signals is performed by
means of two 180° hybrid couplers. Two DC blocks have been inserted at the input
in order to decouple the gate bias of the CS transistors. The test for the IC requires



166 7 Test Setups and Results

VECTOR
NETWORK
ANALYZER

o007 Il © ©
(22
© 00 00 00
(@ | e e | e e | e |
MULTIMETER 3
e
<
L >
SUPPLY 2
E
bC <
BLOCKS ©
©,
© ™o

POWER
SUPPLY

1H50Q

Fig. 7.21 Setup for PA characterization based on the single-tone test

a probe station where four RF Signal-Ground-Signal (SGS) probes have been used
to insert/extract the DC and RF input signals. A 30 dB fixed attenuator has been
placed at the output to prevent the VNA port from being damaged.

Input Matching and Gain

An S-parameter test is required to determine the input matching (S11) and gain
(S21) of the PA. It must be ensured that the power level at which the test is
performed is within the linear range of the PA. The fabricated PA presented in
Chap. 6 has been measured following this setup. The results of the input matching
and the gain are presented in Fig. 7.22.

Olltpllt PldB and PSAT

The VNA can be also used for the P,4g and Psat parameters, although in this case
a power sweep is performed instead of a frequency sweep. The VNA is fixed to the
frequency at which the measurement is to be taken, while the power is swept from
the linear to the nonlinear regions of the PA. The test allows the Pin-Poyt and gain
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Fig. 7.22 Input matching

(S11) and power gain (S21)

results for the PA from an S-

parameter test
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Fig. 7.23 PIN_POUT and
Gain results of the fabricated
PA at 4.2 GHz

POUT (dBm) & Gain (dB)

P (dBm)

results of the PA to be obtained for a certain frequency. Figure 7.23 shows the Py-
Poyrt and gain results of the fabricated PA at 4.2 GHz. In order to fully charac-
terize the PA, this test must be performed for the frequency range at which the PA
is intended.

From the Pin-Pout Or gain results it is possible to obtain the P4p, as it is the
point at which the gain falls one decibel. Parameter Pgat is obtained in the deep
nonlinear region of the PA where only a residual power increase is observed at
Poyr for increases in Ppy, although the result for the Pgat parameter should be
accompanied by the amount of gain compression at which Pgat has been mea-
sured. Since both the P45 and Psat parameters have been measured for different
frequencies, it is possible to know the frequency range at which the PA works
optimally, as Fig. 7.24 shows. As we discussed in Chap. 2, for a standard with
stringent EVM requirement the parameter to focus on is the Pigp.
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Fig. 7.24 PldB and PSAT 30
versus frequency of the 0-Pigg & Psar
fabricated PA
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Current Consumption

The current consumption for the output and driver stages at 4.2 GHz and different
input power levels are illustrated in Fig. 7.25 and Fig. 7.26, respectively. As
discussed in Chap. 2 and also modeled in Chap. 6, the current consumption varies
with the output power levels, and this variation depends on the PA biasing. The
closer the biasing is to class B, the higher the current variation. As Fig. 7.25 and
Fig. 7.26 show, as the biasing is closer to class A, the current is nearly constant.
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Fig. 7.26 Current
consumption of the driver
stage of the fabricated PA at
4.2 GHz
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The PAE can be obtained by taking the previous results of the Piy-Poyt and the
current consumption values for each Py level and following (2.3). The results
obtained at 4.2 GHz are shown in Fig. 7.27. It must be noted that for correct
characterization, the Py-Poyr and the current consumption results must be
obtained for each frequency and the current consumption of the driver stage must

be also considered.

Fig. 7.27 Power-added
efficiency of the fabricated
PA at 4.2 GHz
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Stability

By taking the results of the S-parameter test and measuring not only S11 and S21
but also output matching (S22) and PA isolation (S12), it is possible to calculate
the stability factor K, as was shown in Chap. 2, in order to quantify the stability. As
Fig. 7.28 shows, the stability factor K is greater than one for the PA frequency
range. In this case, the results have been obtained with power levels within the
linear region of the PA. A more complete test should be done by measuring the S-
parameters for different output power levels into the nonlinear region of the PA
and re-calculating the stability factor K.

Finally, as was mentioned in Chap. 2, although it is a common practice to check
only the stability, a stability factor K greater than one is not a sufficient condition
in multistage devices. In this case, beyond ensuring a stability factor K greater than
one, it was determined that no oscillation problem is observed at any frequency,
which confirms the transient simulations performed during the design process.

Digital Channel Tests

This section presents the procedure to follow in order to obtain the maximum
output power levels that comply with the spectrum emission mask and the EVM of
a standard.

Test Setup
Tests based on a digital channel as an input can be performed by means of the

setup in Fig. 7.29. This setup substitutes the VNA by a Signal Generator (SGN)
and a Spectrum Analyzer (SPA). The SGN arbitrary wave generation capabilities

Fig. 7.28 Stability factor 50
K of the fabricated PA
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Fig. 7.29 Setup for PA characterization based on the digital channel test

are exploited by means of a connection to the ADS software. With ADS, a sample
of a digital channel is created and downloaded to the SGN. In this case an 802.11a
channel with 16 MHz bandwidth has been downloaded.

For the tests that determine the spectrum emission mask compliant measure-
ments, the SPA capabilities are used in order implement the spectrum emission
mask of the 802.11a standard and to measure the output power of the digital
channel. In the case of EVM measurements, the Spectrum Analyzer is used as a
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mixer that downconverts the RF 802.11a channel to a 70 MHz IF output. This
70 MHz signal is processed by the VXI Mainframe cards and analyzed by the
VSA89600 software.

Spectrum Emission Mask

As mentioned in Chap. 2, the allowable output power levels of an 802.11a channel
depend on both the spectrum emission mask and the EVM requirements. The test
procedure for obtaining the output power levels that meets the spectrum emission
mask is first presented. As we also saw in Chap. 2, the spectrum emission mask has
a 0 dBr (dB relative to the maximum spectral density of the signal) range of
18 MHz, —20 dBr at the 11 MHz frequency offset, —28 dBr at the 20 MHz
frequency offset and —40 dBr at the 30 MHz frequency offset and beyond. These
values can be introduced in the SPA so that this piece of equipment compares to
the 802.11a channel and the spectrum emission mask, producing an error message
when the channel exceeds the mask levels. The screenshot in Fig. 7.30 shows an
example of the spectrum emission mask results at 4.8 GHz. As specified by the
802.11a standard, the measurements were performed using a Resolution bandwidth
(RBW) of 100 kHz and a Video bandwidth (VBW) of 30 kHz [4]. The mea-
surements should be extended for different frequencies in order to know the output
power levels that meet the spectrum, as Fig. 7.31 shows.

Finally, the power back-off from Pgar needed in order to comply with the
spectral mask requirements is approximately constant, with a value of 7 dB.

Total Pur: -33.10 dBm
Ref -30.00dBm Spectrum (Ref: Total Pur)
5.00
dB/

4,767 GHz Abs Limit Rel Limit 4.853 GHz
Total Pwr Ref: -33.18 dBm / 400.888 kHz
Lowar {-Peak-> Uppar

Start(Hz) Stop(Hz) Meas BLW(Hz) dBm %req(Hz) dB %req(Hz)
8.0088 9.08608 M 160,088 k -33.26 4.7988 6 -33.16 4.,8838 6
9.6808 M 11.888 M 100.08 k -58.11 4.7984 6 -51.58 4.8891 6
11.888 M 28.888 M 160,80 k -54.58 4.7885 6 -55.82 48112 6
28.800 M 38.800 M 160.088 k -63.49 4.7800 6 -63.54 4.8208 6
38.808 M 43.0088 M 106.08 k -78.51 4.7699 6 -78.35 4.3308 6

Fig. 7.30 Screenshot of the spectrum emission mask results at 4.8 GHz
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The measurements of the EVM require demodulating the channel in order to
measure modulation accuracy. This task is performed with the VSA 89600 soft-
ware package, using the IF output signal provided by the SPA. A screenshot of the
software is in Fig. 7.32.
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Fig. 7.32 Screenshot of the VSA89600 software for 802.11a channel measurements
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Fig. 7.33 EVM results for -17
the fabricated PA at 4.2 GHz
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The results in Fig. 7.33 show the complete EVM test for the PA at a frequency of
4.2 GHz. The input power of the 802.11a channel is increased and the value of the
EVM is taken for each input power value. As the PA enters the nonlinear region, the
EVM is degraded. The solid red horizontal line in Fig. 7.33 indicates the EVM value
in dB (—25 dB), which must not be exceeded at the highest bit rate of 54 Mbps.

In addition, Fig. 7.34 shows the output power levels of the PA while complying
with the EVM at 54 Mbps at different frequencies. As can be observed, the results
in Fig. 7.34 are correlated with the P 4g results of Fig. 7.24. The required power
back-off from P,4g in order to fulfill the most stringent EVM requirements at 54
Mbps is also 7 dB. It must be also noted that the power levels complying with the
spectrum emission mask show also certain correlation with the P4p results in
Fig. 7.24. This confirms that in order to maximize the output power levels of a PA
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intended for a standard with stringent EVM requirements, Pq4p is the parameter
that must be optimized.

A further study is to know at which bit rate the EVM requirements start to be
dominant in the channel output power levels. As mentioned in Chap. 2, the EVM
requirements at 54 Mbps are the limiting ones. However, given that the EVM
requirements relax as the bit rate decreases, not all the bit rates will be EVM
limited. In fact, the measurement results presented in Fig. 7.35 shows that the
EVM requirements stop being dominant at 24 Mbps. At this bit rate and the lower
ones, it is only the spectrum emission mask that limits the output power level.

Reliability and Maximum Rating

The reliability study should be carried out at the maximum power levels the PA
will work with. In this case, the reliability test has been performed with the PA
working at an output power level that is only limited by the spectrum emission
mask. In this test, the PA must maintain its performance while working uninter-
ruptedly at the greatest output power level. The results presented in Table 7.3 were
taken at the beginning of the test and after 15 h of working. As mentioned in Chap.
4, any PA degradation becomes evident during the first few hours of continuous
operation [5, 6]. Table 7.3 shows that the output power level stays almost constant
after 15 h of working and therefore no degradation is appreciated.

In addition, the maximum rating test was performed by increasing the supply
voltage of both the driver and the output stage and measuring the current con-
sumptions of these stages. Table 7.4 shows the maximum supply voltages and
current consumptions that were reached before an overall PA failure due to the
excessive current flow through the metal tracks, which causes them to melt. This
test shows that normal conditions are far from the limits at which the PA fails.
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Table 7.3 Output power level results of the reliability test at 4.2 GHz

Time (h) Output power (dBm)
0 19.82
15 19.74

Table 7.4 Maximum allowable Vpp and current values before PA failure

Driver stage Vpp (V) Driver stage current Output stage Output stage current
consumption (mA) Vob (V) consumption (mA)
6.7 500 7 1000

Fig. 7.36 Microphotographs
of the driver stage core
showing the effects of
excessive current in the drain
transistor metal tracks (top)
and unaffected driver stage
core (bottom)
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Fig. 7.37 Microphotographs
of the output stage core
showing the effects of
excessive current in the drain
transistor metal tracks (fop)
and unaffected output stage
core (bottom)

Finally, Figs. 7.36 and 7.37 show photographs of the driver and output stage
cores before and after maximum rating measurement. Note that the metal tracks
appear melted mainly at the drains of the common-source transistors.

Conclusions

This chapter presented the equipment, test setups, procedures and practical rec-
ommendations for accurately characterizing integrated inductors intended for PAs.
Specifically, the O and inductance results were presented for several inductors and
then compared to simulations so that the best configuration for the substrate used
in simulations can be chosen. We also detailed the test setups and procedures for a
complete characterization of a fully integrated linear CMOS PA. The test can be
separated into two different groups: single-tone tests and digital channel tests.
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From those tests it is possible to characterize the linearity and efficiency of the PA
based on the most common parameters, namely P4g, Psat, PAE, spectrum
emission mask and EVM. Finally, results related to stability, reliability and
maximum rating tests were also presented.
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Chapter 8
Conclusion

Abstract This chapter concludes the book by highlighting the main aspects that
have been discussed in the field of RF CMOS linear power amplifiers. As men-
tioned throughout the book, there is great interest shown in CMOS integration of
linear PAs for wireless communication systems. However, as CMOS processes
present important issues to high-performance PAs, it is crucial to know how to
overcome these issues by a proper design and implementation of PAs. A high
performance RF CMOS PA is of great importance not only because a complete
integration of the transceiver is then possible but also because of the great impact
of the PA power consumption.

Highlights

This book treated all the important aspects in the design of CMOS linear RF power
amplifiers.

Chapter 1 introduced the PA as a crucial block of a transceiver in the context of
modern communication systems. The impact of the PA was quantified for several
wireless standards showing different communication ranges. The main mobile
communication standards were also considered in order to understand how the
latest standards impose more stringent requirements due to the need of higher
spectral efficiencies.

Chapter 2 presented the most usual metrics for PA performance characteriza-
tion. These metrics can be arranged in two main groups; linearity metrics and
efficiency metrics and they can differ if the input signal is just a single sinusoidal
tone or a digital channel of a specific standard. In this chapter the concept of power
back-off for a specific communication standard was also discussed and related to
the common P4 and Psat parameters of a PA.

Chapter 3 described the different PA classes; from the current source-type class
A to class C PAs to the switch-type class D and class E PAs. Class F PAs were
treated separately as PA class between current source and switch-type amplifiers.
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In addition, practical implementations of these PA classes within the state of the
art were also discussed.

Chapter 4 dealt with the specific issues of CMOS process for PA implemen-
tation. The reliability issues of RF CMOS PA were detailed in this chapter. A low
breakdown voltage avoids high supply voltages and so the CMOS processes
impose a crucial limit for high linearity, high efficiency PAs along with high
output power levels. In addition, the low supply voltage problem is aggravated in
the scaling-down of the CMOS technology because relatively high knee voltage
further limits the output voltage headroom.

Chapter 5 covers the most important techniques for enhancing the performance
of linear PAs. Whenever a linear CMOS PA performance is not enough for a
specific communication system, either because the linearity or the efficiency must
be improved or because greater output power levels are required, these techniques
allow a designer to improve one or several of these three characteristics. This
chapter detailed simple techniques, as the use of the cascode transistor, analog
predistortion, simple parallel combination or dynamic biasing as well as more
complex architectures such as the transformer power combining, the Doherty
architecture, digital predistortion or envelope tracking. For all these enhancement
techniques their advantages, drawbacks and examples of practical implementa-
tions were presented and discussed.

Chapter 6 treated the design flow that a designer should follow in order to
design a fully integrated linear CMOS PA: from the first PA specifications to the
layout design. This chapter also described a model that proved very useful as a
starting point for the PA design. The model takes into account effects such as PA
biasing, current consumption, supply and knee voltages, inductor quality factors or
the power gain in the Pin-Pout and PAE-Py curves. In addition, this chapter also
discussed the requirements that the integrated inductor must fulfill in order to be
implemented in the output stages of a PA. Due to their specific requirements they
were referred to as power inductors. The design flow that must be followed and the
best geometry of these inductors were also explained in this chapter.

Chapter 7 dealt with the setups for the characterization of a fabricated PA and
the implemented inductors. The setups were grouped depending on the type of
parameters to be extracted. Single-tone test for parameters like the Pig4g, PsaT,
power gain or PAE and digital channel tests for the spectrum emission mask and
the EVM. Characterization of the PA in terms of reliability was also presented
along with the setups for characterizing the integrated inductors. A fabricated RF
CMOS PA and its integrated inductors were taken as an example in order to
illustrate the measured results following the described setups.


http://dx.doi.org/10.1007/978-1-4614-8657-2_4
http://dx.doi.org/10.1007/978-1-4614-8657-2_5
http://dx.doi.org/10.1007/978-1-4614-8657-2_6
http://dx.doi.org/10.1007/978-1-4614-8657-2_7

Main Contributions 181

Main Contributions

This section presents the main contributions of the book.

A Complete Design Flow for a CMOS Linear PA

The work done in this book establishes the complete design flow for the optimi-
zation of linear CMOS power amplifier starting with the specifications that modern
communication standards impose on PAs, starting with the first steps of the PA
design to the final IC schematic and layout and the required test setups.

A model for linear power amplifiers facilitates the first design steps in terms of
transistor sizing, required inductor quality factors or minimum supply voltage. The
model considers the limitations that CMOS processes impose on the implemen-
tation of power amplifiers, as for example the knee voltage effect. As a result, the
model provides the expected Piy-Pour and PAE-Piy curves fitting well with
measured results of fabricated PAs.

Useful Enhancement Techniques for Linear CMOS PAs

The book proposes specific techniques and architectures that allow a designer to
enhance the performance of CMOS linear PAs in terms of efficiency, linearity and
output power levels. In addition, the advantages and drawbacks along with prac-
tical implementations from the state of art are presented and discussed.

Design and Characterization of Power Inductors

The integrated inductors implemented in a PA require special attention because
several extra design considerations are necessary due to the special characteristics
of the application. This fact has led to the new concept of power inductors. The
design flow and practical advices that these inductors must follow in order to fulfill
the extra design considerations are covered in this book. Finally, the required
setups for the proper characterization of these inductors have been also covered.
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