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Chapter

Introduction

Although by now wireless communication has a long history, first demonstrated by
Nikole Tesla in 1897, it was only until the early 1970s that wireless communication
was mainly used for broadcast radio, military or space applications. In 1973 Bell
Laboratories presented the idea of cellular networks [1][2](Figure 1.1), which pro-
moted the use of wireless technologies for voice communication among the masses.
The most important benefit of their proposal was the efficient reuse of the fre-
quency spectrum by spatial separation of the broadcasting base stations. Namely,
the total region covered by the wireless network can be divided into hexagonal
cells, each having its own base-stations. In such a cell each base-station is assigned
to a number of frequency channels. The same frequency channels are assigned to
other base-stations operating in the same region but located in a different cell.
The location of these cells is chosen such, that their cross interference is kept at
the minimum, by assigning different frequency channels to the neighboring cells.
In this way reuse of the frequency spectrum becomes possible, enabling services
to a large number of users within a limited frequency band [2].

1.1 Mobile Base-Stations

The heart of modern cellular networks is the mobile base-station which is typically
situated in the middle of each cell (Figure 1.2) where it handles all the calls made
from, to, or in that cell. The current third generation mobile networks (3G), does
not only provide voice services, but also high-speed data services like internet,
MMS (multi-media messaging service) and video conferencing [3][4][5]. The pro-
vision of these high-end services not only requires very sophisticated digital signal
processing hardware, but also low noise and highly linear transceivers.

These days there are a large number of mobile service providers, therefore there
is continuous competition to reduce cost and increase profit margins. In view of
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Figure 1.1: Illustration of the cellular frequency reuse network. Cells with same letter
use the same set of frequencies
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Figure 1.2: Block diagram of a typical high power base-station
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this, in addition to the initial installation costs of a base-station, also the operat-
ing costs of the base-station become very important for cellular service providers.
Currently, the overall efficiency of a base-station, which relates to the conversion
of DC power to the RF power, lies between only 2.5 to 3.0%. A significant portion
of this efficiency number is set by the performance of the RF power amplifier(s).
However, not only the efficiency of the power amplifier itself is of importance,
but also secondary energy expenses needed for the cooling of these amplifiers.
Therefore, improved amplifier efficiency yielding reduced cooling requirements, is
currently driving the developments in base-station transmitters.

The block diagram of a typical RF front-end of base-station is shown in Figure 1.2,
the high power RF power amplifier (HPA) is the last component in the transmit-
ter chain and consumes typically more than 30% of total power of the transmitter
chain due to its limited DC to RF conversion efficiency. Moreover, a considerable
amount of RF power is lost in the RF cables connecting the RF power amplifier
to the antenna, as the RF power amplifier module can not be placed close the an-
tenna for logistic reasons. Additionally if the base-station module has to support
more than one standard using different frequencies, currently a separate RF PA
will be required as efficient multi-band RF PAs are currently not available. This
results not only in an even lower efficiency for the base-station, but also increases
its form factor. Therefore currently, base-station manufacturers are now not only
focusing on improving the efficiency, but also extending the bandwidth of the
broadcast amplifiers.

1.2 RF Power Amplifier Efficiency

The efficiency of an RF power amplifier determines how efficiently it converts
DC power to broadcast RF output power. There are a number of definitions for
the efficiency of RF amplifiers, namely; drain efficiency, power added efficiency
(PAE), average efficiency and average power added efficiency. The drain efficiency
is given simply by the ratio of the output power to the provided DC power. (1.1).
Note that (1.1) gives a generalized definition of the efficiency of the RF PA, which
for a given operating class e.g. class-B [6] can be expressed as function of the ratio
output RF voltage vs. DC supply voltage (1.2)

Prr
= 1.1
Nnew Poo ( )
T VRE
Ncw(AB) = Voo (1.2)

The drain efficiency does not accurately reflect the actual efficiency, since a
part of input power is also fed into the PA as the RF input power. Therefore
there is another, also commonly used definition, known as power added efficiency
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Figure 1.3: Efficiency of a class-B Rf amplifier

(PAE), which is given by (1.3). The PAE definition takes into account the limited
gain of the RF PA along-with its DC to RF efficiency

PRFout

_ 1.3
Prpin + Ppc (1.3)

Ncw (PAE) =

The above to mentioned efficiencies are known as CW (continuous wave) ef-

ficiencies, as these correspond to the CW characteristics of the power amplifier.

Moreover, the CW efficiency of the RF PA is a strong function of the output RF
power as shown in the Fig.1.3 for an ideal class-B amplifier.

The RF PAs used in the mobile base-stations are usually operated with mod-
ulated signals that have very high peak-to-average ratios. For the RF PA this
means that most of the time it operates at the power levels, which are far less
than the peak power levels. The achieved efficiency with these modulated sig-
nals is known as the average efficiency, which is given by the ratio of the average
output power to the average DC input power. The analytic expression of the
average efficiency is quite complex as it not only depends on the efficiency versus
power characteristics of the RF PA, but also on the characteristics of the signal
to be amplified. An expression based on the probability density function of the
modulated signal [7][8] is given by (1.4)

Va=1
f Pout (V) p(Vi)dVa
Va=0
Naveg = Vo1 e . (14)
Pout Vn
szo n(Va) dVn

Whereas p is the probability density function of the signal to be amplified,
while P,,; and now are the output power and CW efficiency characteristics of
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the RF power amplifier. These days the base-station industry is more concerned
about the average efficiency of the power amplifier rather than the CW efficiency
because this defines their actual DC to RF efficiency. The average efficiency of a
simple RF PA, for example class-B, (for signals with a high peak-to-average ratios)
is a few times lower than the peak efficiency of this amplifier. For example, current
high power LDMOS class-B PAs have a maximum efficiency between 60% to 65%,
however, their actual average efficiency for WCDMA signals lies between 20% to
25%. Currently, base-station manufactures are aiming for an average efficiency of
> 50% for W-CDMA signals. Since these high average efficiency specs needs to be
combined with high requirements on linearity, the design of the RF PA becomes
much more complex. These facts led to an intensive research in industry towards
efficiency as well as linear PAs.

1.3 Efficiency Enhancement Techniques

The average efficiency of the PA can be improved by altering the CW efficiency
curve of the PA at the back-off power levels, by using techniques like doherty [9],
outphasing [10], dynamic load line, envelope tracking and EER (envelope elimina-
tion and restoration). All these techniques increase their efficiency at the back-off
power levels by improving the ratio % This can be done either by increasing
the RF voltage swing (Vgr) (doherty, outphasing, dynamic load line amplifier
configurations) or by decreasing the DC supply voltage Vpe (envelop tracking,
envelop elimination and restoration) [11] for the lower power levels. The following
section presents an overview of the different techniques and provides the merits
and demerits associated with each of them. In these considerations, we will as-
sume class-B operation for the RF amplifier(s).

1.3.1 Doherty Power Amplifiers

Doherty power amplification (DPA) [9] is a technique dating back to 1930s and
named after its inventor William H. Doherty. He proposed this technique to im-
prove the efficiency of vacuum tube RF power amplifiers used in AM broadcast
applications.

This technique has become recently very popular for the base-stations nodes in
the wireless networks with the introduction of 2G and 3G mobile networks that
rely on complex modulated signals with very high peak-to-average ratios (PAR).
The block diagram of a DPA in its most simple form is shown in the Figure 1.4,
which contains two PA branches, the top PA is called main or carrier amplifier
which operates at all power level, whereas the bottom PA operates only at the
peak power levels and therefore is known as the peaking amplifier. The operation
of the DPA depends on the active load modulation effect of the peaking amplifier
on the main amplifier. This allows for using higher load impedances of the main
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Figure 1.4: Conceptual block diagram of a two-way doherty power amplifier

amplifier at the back-off power levels, eventually resulting in higher efficiency at
those power levels.

The DPA technique is quite popular due to its simplicity, high-efficiency in power
back-off and large modulation bandwidth, which makes it a very attractive choice
for base-station applications and is currently widely applied in the modern high
efficiency base-station transmitters.

However, this increased performance of the DPA comes at the cost of linearity and
operational RF bandwidth. The class-C bias of the peaking device exhibits signif-
icant amounts of AM-PM distortion, which compromises the linearity of the DPA.
Moreover, the complex output power combiner network limits the RF bandwidth
of the DPA, which not only hinders its use in multi-band transmitters, but also
causes pre-distortion algorithms to fail by introducing memory effects [12][13]. In
view of above, DPA applications are limited to RF narrowband operation and
are always accompanied by pre-distorters. The current advancement in the DSP
technology allows digital pre-distortion hardware to be directly embedded in the
transmitter. Therefore research in DPA technology, is currently more focused on
achieving higher RF bandwidths [14][15] and increasing the efficiency in power
back-off rather than on improving linearity. Earlier DPA work [12] was already
focused on improving the efficiency in power-back off. Therefore in this thesis
we focus on new DPA topologies (Chapter 5) that can guarantee a 3 to 4 times
improvement in the high efficiency bandwidth of the DPA.

1.3.2 Outphasing Power Amplifiers

The origin of the outphasing power amplifiers [10][16] also dates back to 1935, but
this technique was initially presented to improve the linearity of the RF trans-
mitters rather than their efficiency. The main idea behind this technique is to
convert the amplitude modulation (AM) of the input signal to phase-modulation
(PM) so that the AM-PM distortions of the PA devices do not affect the linearity
of the output signal (see Figure 1.5). This approach has as additional advantage
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that the PA devices can now always be used in the region where they operate
highly efficient, yielding a better average efficiency of the system.

Although the idea behind this technique is quite brilliant as it can guarantee ef-
ficiency along-with linearity, practical implementations of this technique are very
complex and prone to the non-ideality of the PA devices (details in Chapter 2).
Additionally due to the AM-PM conversion in the input power splitter the video
bandwidth of the conventional outphasing amplifier is not very high, while its
RF bandwidth is limited but slightly better than a conventional Doherty power
amplifier.

Due to the above mentioned problems, the outphasing technique has been ne-
glected for some time with almost no application in base-station units. This thesis
tries to change that situation, by introducing a new operation class of outphas-
ing amplifier namely mixed-mode outphasing amplifier [16][17] which addresses
most of the problems associated with conventional outphasing amplifier imple-
mentations. Moreover, the combination of outphasing with class-E amplifiers can
provide some additional benefits in the form of efficiency as well as RF bandwidth
[18].

1.3.3  Supply Modulation

In this efficiency enhancement technique, the DC voltage at the drain is varied
with the envelope of the output signal. This improves the ratio of the RF voltage
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Figure 1.7: Conceptual block diagram of a dynamic load line rf power amplifier

swing with respect to the DC voltage at the power back-off levels, eventually im-
proving the CW efficiency of the PA at those power levels (Figure 1.6). Currently
there are two popular variants of this technique, envelope tracking (ET) [19]{20]
and envelope elimination and restoration (EER) [11][21]. Conceptually these two
techniques are similar, the difference lies in the inclusion of a hard limiter in EER,
eliminating the envelop modulation present in the input signal, which is later re-
stored by the supply voltage modulation at the drain /collector of the RF power
amplifier. This technique poses problems in dynamic range and linearity [11]. On
the other hand the input envelop signal in the ET technique, is not separated,
and only the supply voltage of the RF PA is varied with the input signal.

In general, supply modulation techniques are not only capable of providing very
high average efficiency [11] but also capable of providing very wide RF bandwidths
[21]. Modern base-station transmitters currently employ very wideband complex
modulated signals, consequently, the amplification of those signals requires PAs
with a large (>100MHz) video /modulation bandwidth as well as wide RF band-
width. Although, the EER/ET basestation PA topologies are capable of providing
a very wide RF bandwidth, their video bandwidth is limited by the bandwidth of
supply voltage modulator. Moreover, the output capacitance of practical PA de-
vices changes drastically with the varying drain supply voltage, which means the
output matching network of the PA, can be tuned for maximum performance only
at one specific drain voltage and therefore will operate less optimal at other drain
voltages unless a smart compromise if found [22]. Due to these problems and their
complexity and efficiency overhead imposed by the voltage modulator, these PA’s
are currently not as popular in the base-station industry as the Doherty PAs.

1.3.4 Dynamic Load-Line

The Dynamic Load-Line technique [6][23][24] also relies on load modulation to
increase the RF voltage swing at the terminals of the active device at power



14 SMART ANTENNAS FOR BASE-STATIONS 9

-‘

M

MBS=Mobile Base-Station
u=mobile users

Figure 1.8: Comparison of the omni-directional pattern of a conventional base-station
with the pencil beam approach of a future base station unit with improved air link budget
utilizing a multi-beam smart antenna

back-off (see Fig.1.7). But unlike the Doherty and outphasing techniques, it uses
passive load modulation, i.e. the properties of the output matching network are
varied with the envelop signal by using tunable circuit elements like varactors.
This is also a nice technique for improving the efficiency, but the performance
of the PA will be constrained by the losses and breakdown properties of the
tunable elements used in the adaptive matching network. Therefore due to the
limited breakdown properties of currently available varactors, the application of
this technique (up till now) is mostly limited to low-power handheld PAs only.
However, this situation might change when high-voltage devices become available.
Similarly as for the EER and ET approach, also here there are some concerns for
the maximum achievable video bandwidth, since the generation of the high control
voltages that are typically needed for adaptive matching network is normally also
constrained in bandwidth.

1.4 Smart Antennas for Base-Stations

So far we have discussed the stand-alone efficiency of power amplifiers in base
station units. However, there is also another aspect of RF signal transmission
between the base station and mobile handset that needs attention. Current base-
stations use omni-directional antennas, which means that they transmit the same
power in all directions irrespective of the location of the users, which in itself is
very inefficient. It has been proposed recently [25][26][27], to use smart antennas,
in order to direct the transmission beam of the antenna to the direction where the
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actual mobile user is located (Fig.1.8). When more users are present, multiple
pencil beams can be utilized with the appropriate information. This approach
utilizes the antenna gain to improve the link budget, something that in theory
allows a strong reduction of the total broadcast power. As such the energy con-
sumption of the full transmitter can be drastically reduced.

These concepts, which are still in research phase, require major changes not only
at the software and system level, but also in the mobile transmitters and anten-
nas. One of those changes in the transmitter, is the use of phase-array antennas
[28][29], which are typically fed by many small Power Amplifiers. In these an-
tennas arrays, the phase of the output transmit signals is controlled in order to
electronically steer the beam of the antenna. To keep the computational overhead
limited, these phase changes are typically implemented through the use of ana-
logue phase shifters (Figure 1.9). Note that the location of these phase-shifters in
the transmitter imposes very stringent requirements in terms of phase and am-
plitude linearity, bandwidth, loss and chip area. Therefore, special attention is
required in the design of these phase-shifters, and for this purpose one chapter
(Chapter 7) is this thesis is totally devoted to the design and of low loss high
linearity phase-shifters. Within that chapter some systematic methods for the
implementation of these phase-shifters are presented that can yield very loss low
as well as linear phase shifters [30].

1.5 Thesis Outline

The outline of the thesis is summarized as follows.

Chapter 2, Chapter 3 and Chapter 4 are devoted to the outphasing amplifiers. In
which Chapter 2 presents the basic concept of outphasing amplifiers alongwith a
complete analysis for modulated signals both for ideal and non-ideal PA devices.
The purpose of this chapter is to present the reader with a deep understanding
of the outphasing principal, its advantages and its limitations, so that the ideas
presented in the later chapters can be well understood.
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Chapter 3 extends the outphasing concept by introducing a class-B mode of op-
eration at deep power back-off levels in order to improve their efficiency. The
ideas presented in this chapter are followed by experimental verification through
designing a prototype of a mixed-mode outphasing amplifier, which is presented
at the end of the Chapter 3.

Chapter 4 further extends the outphasing concept by introducing tunable match-
ing networks at the output of the PA devices. By using these networks, the
efficiency at deep power back-off conditions can be further improved. A proto-
type of this adaptive outphasing technique is presented at the end of this chapter.
Chapter 5 is devoted to the RF operating bandwidth of the Doherty power am-
plifier. After a brief introduction to the Doherty amplifier, this chapter analyses
the bandwidth limitations of the Doherty amplifier using the conventional power
combiner at the output. After identifying the root cause of the bandwidth lim-
itations of the Doherty amplifier, a Doherty power amplifier with an optimized
bandwidth is presented. Next, some techniques are presented which can improve
the inherent bandwidth of the DPA by using advanced wide-band power combin-
ers at the output. This technique is also verified through a prototype wide-band
DPA which is also presented at the end of this chapter.

The outphasing amplifiers presented in chapters 2 to 4 are optimized for efficiency
performance which results in poor linearity performance for such amplifier. Chap-
ter 6 discusses techniques for the digital pre-distortion of the multi-path power
amplifiers. The techniques introduced, can in general be applied to all multi-path
power amplifiers e.g. digital doherties and mixed-mode outphasing amplifiers.
But in this chapter the application of this technique to mixed-mode outphasing
amplifiers is presented as show case.

As discussed previously, the efficiency of transmission can be improved either by
improving the DC-RF conversion efficiency of rf power amplifier design or improv-
ing the antenna efficiency by using smart antenna. Phase-shifter is an integral
component in a smart antenna, chapter 7 presents techniques to design very low-
loss and very linear phase-shifters which can be used in the implementation of
smart antenna systems with improved link budget. The content of this chapter
is also supported by some experimental results.

Finally Chapter 8 presents the main conclusions and recommendations for future
works.






Chapter

Outphasing Amplifiers

2.1 Basic Principle

Outphasing as amplifier enhancement technique (dating back to 1935’s [10]) was
originally proposed to improve the linearity of microwave transmitters. The main
idea behind this technique is to present the PA devices with constant envelop
signals such that, their AM-AM and AM-PM distortion properties do not affect
the linearity of the output signal [6][31]. This has a positive side effect that the PA
devices in this configuration can realize high efficiency operation [6]. In this way,
in theory, the outphasing concept enables linear amplification of the input signal
with high efficiency using non-linear components, explaining its widely used name;
LINC (Linear amplification using Nonlinear Components) [32]. The conceptual
block diagram of a conventional outphasing amplifier is shown in Figure 2.1. In
this approach the amplitude modulated input signal is converted to two anti-phase

Sy = e (BH—0(1))

I PA;
%
Ye(®) g ®)
Sin =r(t)e D : Sout = G.r(t)ed?
; - Constant envelope signals @ ou S
=2
[
PAg

Sp = rmed (GDF0()

Figure 2.1: Conceptual block diagram of a conventional outphasing amplifier

13
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phase modulated signals and amplified by two highly efficient, but not necessarily
linear power amplifiers. The amplified output signals are then summed by an
output power combiner to recover back the amplified replica of original amplitude
modulated signal. The operation of the outphasing amplifier can be represented
mathematically by (2.1) to (2.4)

Sin = A(t) cos(wet) (2.1)

Sa = ATmcos(wct +cos HA(t)/An) (2.2)

Sp = ATmcos(wct —cos H(A(t)/AR)) (2.3)

Sout = G.S4 + G.Sp = G.A(t) cos(wet) = G.Sip. (2.4)

Sin is the amplitude modulated signal at the input of the outphasing amplifier,
G is the gain of the branch amplifiers and S4 and Sp are the input signals to
the branch amplifiers. The efficiency and linearity of the outphasing amplifiers
are very much dependent on how the output signals are combined together at the
output of PA devices. There are two main types of output power combiners, the
isolating power combiners (e.g., Wilkinson power combiner) and the non-isolating
power combiners like the Chireix power combiner. The properties of these power
combiners are explained in detail in the following sections.

2.1.1 Isolating Power Combiner

As its name suggests, this power combiner keeps the PA devices in an outphas-
ing transmitter isolated from each other irrespective of the outphasing angle in
the system. An outphasing transmitter with a Wilkinson type power combiner is
shown in the Figure 2.2. A simple analysis of the circuit shows that the impedance
seen by each of the PA devices is always constant irrespective of the outphasing
angle, hence the PA devices remain effectively isolated from each other. As a
result the linearity of the output signal will be high [31], whereas the related out-
put power delivered to the load is given by (2.5) and the power consumed in the
hybrid terminations is given by (2.6)

Pout = Pm C082(¢) (25)
2 2 32

Piosses = M = P77L5in2(¢)- (26)
2Ry,

Whereas ¢ in (2.5) and (2.6) is the outphasing angle, Ry, is RF load and P,
is the maximum output power. As one can observe, this high linearity is achieved
at the stake of losses in the power combiner. Because once the outphasing angle
is increased beyond zero degrees, a voltage difference will appear at the isolating
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Figure 2.3: Solid Lines show the normalized efficiency of an outphasing transmitter
with isolating power combiner, and dotted lines show the normalized efficiency of a class-
B transmitter

resistor R;s, causing power loss. Therefore, the resulting CW efficiency of this
transmitter implementation drops as the outphasing angle is increased, which is
shown in Figure 2.3. The efficiency of the outphasing transmitter drops even
more rapidly than a simple class-B amplifier, resulting in low average efficiency
for modulated signals, like W-CDMA.

There are a few techniques proposed in the literature [33][34] for improving the
average efficiency of the isolating outphasing transmitters but these are not very
effective. For example using an outphasing amplifier with a rat race power com-
biner hybrid and power recycling(Figure 2.4) [33][34]. In this approach the port
4 is isolated only if the input powers to port 1 and port 2 are in-phase, otherwise,
power is leaked into port 4 which is dissipated in the 502 termination connected
at that port. In order to preserve the efficiency of the system in Figure 2.4 a
power recycling [33] approached is used, in which the dissipating 502 termination
is replaced by an impedance matched rectifier, which converts the leaked power
at port 4 to DC power and feed it back to the biasing network. On first sight the
idea seems to be very elegant, but actual implementations suffer in efficiency due
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Figure 2.4: Efficiency enhancement of outphasing with power recycling approach
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Figure 2.5: The conceptual block diagram of a Chireiz transmitter

to the low conversion efficiency of the recycling network. Moreover, the linearity
is also affected because isolation will be degraded due to the non-perfect 502
impedance match provided by the recycling network [33].

2.1.2 Non-Isolating Power Combiners

Outphasing amplifiers using non-isolating power combiners uses the interaction
between the PA devices to enhance the average efficiency of the amplifier system.
However doing so will compromise the achievable linearity of the outphasing am-
plifier [31]. The most well known out of these combiners is the Chireix combiner
[10], which is the basis of the advanced multi-mode amplifier presented in the
next chapters, therefore a complete analysis of this combiner will be presented in
the following sections.
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2.2 Chireix Transmitter

The Chireix transmitter [10][32] uses a non-isolating power combiner, which in
principle can increase the average efficiency of the transmitter. The most simple
block diagram of a Chireix transmitter is shown in the Figure 2.5, which consists of
a floating load resistor Ry, and voltage sources V4 and Vp representing the outputs
of two highly efficient branch power amplifiers. The output power delivered to
the load Ry, in the circuit of the Figure 2.5 depends on the voltage difference over
the resistor, which is at its maximum when the voltage sources are perfectly out
of phase, and is zero when these are exactly in-phase. Therefore the output power
is dependent on the outphasing angle and a simple analysis of the circuit leads to
(2.7) for the output power as function of the outphasing angle

Pout = Ppsin®(¢) (2.7)
with ( )2 )
o2V 2V

P, =05 = 2.8

i i (2.8)

Where P, is the maximum output power (2.8) and ¢ is the outphasing angle
between the voltage sources. In addition to the output power, it is also interesting
to analyze the admittance seen by each of the voltage sources. The admittance
is modulated due to the interaction between the voltage sources and is given by
(2.9). Note that there is an outphasing dependent real and imaginary part, which
are both plotted in Figure 2.6, the real part decreases as the outphasing angle is
decreased, while the imaginary part show a cosinusoidal behavior

Yap = R% sin?(¢) :Fj.RiL sin(2¢). (2.9)

The decrease of real part of the admittance is useful for the enhancing the
efficiency of the PA devices at back-off power levels, but, due to the presence
of reactive susceptance, the efficiency of the PA devices will still not improve
in practical situations [7]. To overcome this problem Chireix proposed to tune-
out these susceptances by the insertion of two parallel compensating susceptances
Beomp and —Beomp, which will result in purely ohmic loading conditions for the PA
devices at the two outphasing angles (¢comp and § — ¢comp), causing the efficiency
to peak at these outphasing angles as reflected by the efficiency characteristics of
the compensated Chireix transmitter in Figure 2.7.

The circuit of Figure 2.5 provides good support to understand the basic prin-
cipal of the Chireix transmitter, but the use of a floating load is, in most practical
implementations is not desirable. Therefore typically a balun is used to convert
the floating load into a single-ended load [6], an action that can easily be imple-
mented by two quarter wave transmission lines resulting in the circuit of Figure
2.8.

The quarter wave transmission lines in the Figure 2.8 convert the output voltages
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Figure 2.8: Block diagram of Chireix transmitter with transmission line balun

of the voltage sources to currents, which are added together at the output node
and supplied to the single-ended load resistor. The only difference between the
circuit with floating load and its transmission line equivalent is a phase change
between voltages sources. This has a consequence that while in the original circuit
the output power is maximum when the voltage sources are out-of-phase, in this
circuit the output power is maximum when the voltage sources are in phase. As
such the circuit is a more practical implementation of the Chireix transmitter,
which for this reason we will use it in all further analyses. Moreover due to the 3
phase shift the equations 2.7 to 2.9 are adjusted to reflect this shift of outphasing
angle, resulting in equations (2.10) to (2.12)

P = Pmcosz((,zb), (2.10)
with
2Ry,
P = — (V?), (2.11)

Assuming V4 = Vg = V which is the case in a conventional outphasing amplifier,

R . Rp .
Ya/p = 752 cos?(¢) ZFJ.Z—g sin(2¢). (2.12)
o o

Moreover if the Chireix transmitter is chosen to be compensated at the out-
phasing angle ¢comyp, the required parallel susceptances are given by (2.13) and
loading conditions of the PA devices is given by (2.14). Additionally, if the PA
devices are assumed to be ideal and operating in class-B mode, the efficiency
of the transmitter can be normalized to the class-B values as is represented by
(2.15)[6]
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Ry .
Bcomp = 75 Sln(2¢comp)a (213)
R Ry, .
Ya/p = 752 cos?(¢) :F]? $in(20) % 7 Beomp- (2.14)
com 4 . 2.15
¢ ¢ ;D \/1 sm (2¢comp)—sin(2¢) )2 ( )
cos(¢)?

2.2.1 Selection of Compensation Angle

The compensation angle ¢comp determines the shape of efficiency versus output
power back-off (PBO) characteristics of the Chireix transmitter, and can be op-
timized to maximize the average efficiency for a modulated signal [7][8][16]. In
that case, the overlap between the power probability density function of modu-
lated signal and efficiency characteristics of the transmitter is at its maximum. A
probability density function (PDF) of W-CDMA signal with a particular peak to
average ratio e can be represented by Rayleigh distribution [35]

p(Vin, €) = 2V ee Vi), (2.16)
whereas V,, is normalized the output voltage over the load resistor, and for a

Chireix transmitter V,, can be defined as V,, = 4/ 11;: = cos(¢).

To ease our calculations, the efficiency of the Chireix transmitter can be ex-
pressed in form of normalized voltages V;, as given by (2.17) [16]

NN

(2.17)

n(Vn; d)comp) = .
\/1 + %(sin(2¢comp);2\/v;f’7v;} )2

VVL

With this notation, the average efficiency of the amplifier can be calculated
using (2.16) and (2.17) [7][16].
Consequently,

P f POut(V )p(Vn)an
_av: Va=0
77av€(¢comp) = ];)dut e = ViV . (218)
c-ave Pout dV

Va,9com
V=0 n( ¢ ;n)

It can be noted from (2.18) that the average efficiency is a function of the
compensation angle ¢comp. The optimum value of this compensation angle can
be obtained analytically by solving (2.19)
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It is also possible to perform this optimization using a graphical approach
[7][16], by plotting the average efficiency as a function of compensation angle
(¢comp) and locate the optimum value of ¢comp for which the average efficiency is
at its maximum. As an example of such optimization, performed on a W-CDMA
signal with a peak to average ratio of 8 & 12dB to find the optimum compensa-
tion angles (Figure 2.9), which proves to be 74° and 79° respectively. The power
probability density function (V,2.p(V,,, €)) and the optimum efficiency characteris-
tics for 8 and 12dB signals are plotted in the Figure 2.10, showing the maximized
overlap between the power probability density and efficiency characteristics of
the optimized transmitters. It is also advantageous to study the behavior of the
Chireix transmitter with W-CDMA signal with different peak-to-average-ratios
(PAR) to find the related maximum average efficiencies. For this purpose, the
maximum attainable average efficiencies & optimum compensation angles ¢comp
of the amplifier are plotted against the peak to average ratio in Figure 2.11. This
result shows that the maximum attainable average efficiency degrade as the peak
to average ratio of the W-CDMA signal is increased, and drops below 50% once
the peak to average ratio is increased beyond 10dB. This drop in average efficiency
gets worse once the non-idealities of the PA devices are taken in account, which
will be discussed in the next section.
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2.3 Chireix Amplifier with Non-ideal Devices

So far we have discussed the performance of the Chireix transmitter with ideal
devices, but in this section, an analysis of Chireix amplifier is presented using a
more realistic model of active devices. Using this model the constraints of practi-
cal devices with their related impact on the average efficiency and average power
added efficiency is investigated.

2.3.1 Limited Gain of PA devices

The performance of a transmitter is usually judged based on its power-added ef-
ficiency (see 2.20), which is a function of the gain of transmitter. In a Chireix or
any conventional outphasing transmitter, the input power is kept constant and
the output power is backed-off by varying the outphasing angle. This implies that
true outphasing transmitters will show a variable gain which is decreasing linearly
with output power as described by (2.21).

Pout - Pz 1
npae = ( Poc ) = npae = n( G) (2.20)
G = Gm — Poack—off (2.21)

Practical PA devices have limited gain ranging from 12~20dB (at GHz fre-
quencies) [36][37][38].This has a pronounced effect on the CW PAE of Chireix
transmitter, which is plotted for 12dB, 16dB and for ideal devices (gain — o)
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in Fig 2.12, using (2.20) and (2.21).

As expected the plots show a clear degradation of PAE of the transmitter as the
gain of the devices is decreased, and its even become negative after a certain PBO
indicating the the transmitter for these power levels has a gain less than 0dB, and
is no longer amplifying the input signal.

An even more interesting conclusion can be made if the average power added
efficiency of the system is calculated by using (2.20), (2.21), (2.18) and (2.19) for
W-CDMA signals with different peak to average ratios, which is plotted in the
Figure 2.13. The PAE decreases with the decreasing gain, but beyond a certain
peak to average ratio, it becomes negative, which implies that with those partic-
ular devices it is no longer possible to amplify W-CDMA signals efficiently with
the peak-to-average ratio more than that value. For example for PA devices with
12dB gain, it is not possible to amplify the W-CDMA signals with peak to average
ratio more than 12dB, as indicated by the plots of the Figure 2.13.

2.3.2 Finite Output Resistance

Practical PA devices have finite output resistance which determines the effec-
tiveness of the load modulation applied to the active device to increase its effi-
ciency [39]. To investigate this limitation quantitatively, consider the simplified
schematic of a PA device connected in the Chireix transmitter [16] as shown in the
Figure 2.14 while the PA devices are still assumed to behave like perfect voltage
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Figure 2.14: Model of the PA devices with parasitic output resistance

sources, and the reactive loading due to outphasing is neglected for simplicity.
Moreover Gjoqq in the circuit of Figure 2.14 is the outphasing dependent load
conductance, which is given by (2.22)

Gload = Gopt COSQ(¢); (222)

Whereas G, in (2.22) is the optimum load of the device for maximum per-
formance.

The efficiency of the circuit of the Figure 2.14 depends on the ratio of the par-
asitic conductance Gpq, and the outphasing dependent load conductance (Gioqd)
as is given by (2.23)

1 V2
ev = = r | 2.23
Tev =777 Spar " VR 4y (2:23)

load

whereas v = g’“—“: The results are plotted in Figure 2.15 by using different ratios
op

of parasitic conductance Gpqr and optimum load conductance G,p:. Efficiency
suffers especially at low output power levels, because at those levels Gyq, is big-
ger than Gjuqq, hence a significant portion of the useful output power is wasted
in the parasitic output conductance.

The efficiency of the Chireix transmitter with the lossy devices can be obtained
by multiplying the efficiency of the lossy device with the efficiency of the Chireix
transmitter represented by (2.24). This data is plotted in the Figure 2.16, which
clearly shows the ineffectiveness of the efficiency enhancement techniques in these
conditions.

nlossy = Ndev-Nchireix (224)

The impact of parasitic loading of the output of the devices can also be studied
for modulated signals. Average efficiencies are calculated for W-CDMA signals
with difference peak-to-average-ratios and plotted in Figure 2.17. It can be seen
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clearly from the Figure 2.17 that the maximum achievable average efficiency of
the Chireix transmitter for modulated signals degrades drastically as the losses of
the PA devices are increased

2.4 Conclusions

This chapter provides the analysis for the Chireix outphasing amplifiers for their
performance when operated with W-CDMA signals. The optimum outphasing
angles and maximum attainable average efficiencies are calculated and discussed.
On basis of the results of this chapter we can conclude that the Chireix amplifier
can be highly efficient but at the same time, very sensitive to the non-idealities of
the devices. Especially, the losses of the PA devices can have a devastating effect
on the performance of the overall amplifier. Moreover the limited gain of PA
devices will also affect the performance of an outphasing amplifier when operated
with W-CDMA signals having a high peak-to-average ratio.






Chapter

Mixed Mode Outphasing Transmitter

3.1 Introduction

In chapter 2 we have identified some basic performance constraints by analyzing
conventional outphasing amplifiers. Although most of these problems are due
to the non-idealities of the PA devices, some of these problems also arise from
inherent limitations of the outphasing concept [16]. The most severe problems
are,

e Low average efficiency for signals with a high PAR.

e High sensitivity to losses in the PA devices.

e Low dynamic range (due to path mismatches).

e High bandwidth expansion of the modulated input signals.

Due to the above mentioned problems, the outphasing concept is currently
not a popular choice for 3G and future 4G base-station transmitters. In this work
we aim to change this situation and improve for the constraints, stated above,
by introducing a new class of outphasing amplifiers that make use of outphasing
as well as class-B operation in deep power back-off. In such an approach, the
outphasing action is limited up-to a certain threshold outphasing angle ¢;,- which
is chosen close to or at the second high efficiency point where the complex loading
of the active devices is compensated. Beyond this point the branch amplifiers are
operated in class-B mode, by fixing the outphasing angle to ¢, and using the
input power control of the branch amplifiers to back-off the output power. We
refer to these amplifiers as mixed-mode amplifiers due their hybrid outphasing /
class-B type of operation [16].

Although outphasing and the combination of outphasing and input power control

29
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Figure 3.1: Block diagram of a digitally controlled, mired-mode outphasing transmitter.

is not new [40][41][42], to the author’s best knowledge, a true high-efficiency,
high-power outphasing amplifier with a competitive industrial performance was
not yet been brought to light. Moreover a clear analysis showing the use of input
power control and its impact on different performance parameters e.g., average
efficiency, gain and efficiency was also missing.

To fill this gap, this chapter re-analyzes outphasing amplifiers, but now with the
option of switching to class-B operation after a certain threshold outphasing angle
¢hr- In addition to this, at a later stage the option of using also input power
control in the outphasing region will be explored. With this additional feature
even higher gain and power-added-efficiency (PAE) can be achieved when dealing
with practical devices, a situation that strongly deviates from the idealized case.
To verify the proposed techniques, a 90-W reference amplifier is designed with
independent input control of the branch amplifiers (Figure 3.1). Consequently,
this reference amplifier can be operated in both in mixed-mode, as well as, in pure
outphasing mode enabling a clear comparison performance comparison for both
operating modes.

3.2 Efficiency of the Mixed-Mode Outphasing Amplifier
3.21 CW Efficiency

The benefit of switching to class-B mode in power back-off can be best under-
stood, if we compare the CW efficiency versus power back-off characteristic of a
pure outphasing amplifier with Chireix power combiner with that of a traditional
class-B amplifier. For this purpose, we consider Figure 3.2 where the CW effi-
ciencies of the Chireix amplifier and the class-B amplifier are plotted versus their
normalized output voltages [43][44]. Note that for a class-B amplifier, the effi-
ciency is always linearly proportional to its normalized output voltage, therefore,
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the efficiency degradation with increased power back-off is quite modest.

In contrast, when considering the efficiency of the pure Chireix outphasing am-
plifier, we also find, besides the desired efficiency peaking in power back-off, a
very steep drop in efficiency versus increased back-off power, once the outphasing
angle is increased beyond the compensated angle ¢comp. This steep efficiency
drop can be explained by the fact that, when using the outphasing beyond the
compensation angle ¢.omp, the loading conditions of the active devices become
almost entirely reactive, something that is very harmful for the efficiency of the
branch amplifiers.

Hence due to this phenomenon, pure outphasing amplifiers have a low CW effi-
ciency when operated beyond their compensation angle ¢comp. Therefore, if the
input powers and the phases of the amplifier branches can be controlled indepen-
dently, it is possible for an outphasing amplifier configuration to switch to class-B
just after ¢comp. Doing so will result in less reactive loading conditions for the
active devices at these low output power levels, while one can benefit from the
much lower efficiency roll-off of a class-B operated amplifier. The resulting effi-
ciency curve is shown by solid line in Figure 3.2, which shows that CW efficiency
of the amplifier indeed improves significantly at these lower output power levels.
The input outphasing angle, input voltage and resulting efficiency (for a time
varying input signal r(t)) is given for the mixed-mode outphasing amplifier by the
equations (3.1), (3.2) and (3.3)
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acos(r(t if acos(Vour)) < Gehr
basp(t) = § ‘oS i acos(Vou)) < Gu (3.)
Pinr if acos(Vout) > Gthr
1 if acos(Vout)) < dthr
%n t) = acos . 3.2
aro (1) {Vii’:}”) if acos(Vout) > oehr (3:2)

Whereas the equation for the efficiency of the mixed-mode outphasing amplifier
can be written as

Tloutphasing if ¢) < ¢thr

: . (3.3)
Tloutphasing (¢thr)~ “;::; if ¢ > ¢thr

Nmizedmode = {

Note that in ¢, in (3.1), (3.2) and 3.3 is the threshold outphasing angle, be-
yond which the mode of operation of the mixed-mode amplifier is changed from
outphasing to class-B mode. V,,; is the normalized output voltage.

3.2.2 Average Efficiency for Modulated Signals

The previous section showed that the CW efficiency of the Chireix amplifier in-
deed improves at lower power levels if class-B mode is used beyond a certain
threshold outphasing angle (¢¢,). This improvement of CW efficiency should
also result in an enhancement of the average efficiency of amplifier especially for
modulated signals with high PAR.

The maximum average efficiency for the mixed-mode operation and the corre-
sponding threshold outphasing angles (¢;p,-) can be calculated by using (3.1) and
(3.3) together with the equations for the average efficiency of outphasing ampli-
fiers in Chapter 2. The resulting average efficiencies (7)4.4) and optimum threshold
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angles () are plotted in the Fig 3.3, along-with those for the pure outphasing
mode (dotted lines) to allow easy comparison. The plots of Figure 3.3 clearly
show that the mixed mode outphasing amplifier out-performs the traditional out-
phasing amplifier at all values of PAR, while this performance difference increases
with the PAR of the W-CDMA signal. For example, for a standard W-CDMA
signal (PAR=9.6dB) the improvement in average efficiency of the mixed-mode
amplifier over the conventional outphasing case is more than 15%

Another interesting phenomenon which can be observed from Figure 3.3 is that
the optimum threshold angle ¢, for mixed-mode operation is smaller than the
optimum compensation angle ¢.om;p needed for pure out-phasing operation with
any given PAR. This effectively results in a reduced load modulation of the PA
devices in mixed-mode operation and therefore the mixed-mode amplifier will be
less sensitive to the losses of the PA devices.

3.2.3 Performance considerations when using lossy PA devices

The previous section showed that mixed-mode outphasing amplifier employs re-
duced load modulation conditions on the PA devices compared to the situation
of using pure outphasing, therefore the efficiency degradation due to the losses
of the PA devices should also be lower. In order to quantify this improvement,
the average efficiency of the mixed-mode amplifier for a W-CDMA signal is cal-
culated using the same model for the lossy devices as in section 2.3. The results
are plotted in Figure 3.4 along-with the average efficiency of the pure outphasing
mode amplifier (dotted lines). These results show that, although the maximum
attainable average efficiencies of the mixed-mode amplifier degrade due to losses,
this degradation is much lower than that of pure outphasing amplifier. For exam-
ple for a W-CDMA signal with a PAR equal to 9.6dB, the average efficiency of
pure outphasing transmitter drops by almost 30% (if the losses of the PA devices
are set to 5%), whereas the average efficiency of the mixed-mode transmitter for
the W-CDMA signal with same PAR drops only by 10%. Therefore, there is a
three-fold efficiency improvement when the losses of the PA devices are consid-
ered.

The main cause of this improvement is the ability of the mixed-mode amplifier to
reduce the load modulation of the PA devices something, that is essential when
dealing with practical devices with losses [16][17]. So, by switching to the class-B
mode excessive load modulations on the PA devices are avoided, while at the
same time achieving an improved average efficiency. This fact is also reflected in
the plots of the Figure 3.5, which show that the optimum threshold outphasing
angles ¢yp, should decrease as the losses of the PA devices are increased.
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3.3 Input Signal Generation

In classical outphasing-amplifier implementations, the branch amplifiers are driven
by a constant envelope signal such that PA devices are always operated in satu-
ration mode [31], and therefore, closely approximate the behavior of a controlled
voltage source. The drawbacks to this approach are the high input power and
the low effective gain that will be achieved in power back-off operation due to
this constant input amplitude. As a result, the power-added efficiency (PAE) will
drop rapidly in power back-off since it has become dependent on the RF input
power. To improve the PAE, one can make use of the fact that most PA devices
(when designed in class-B mode) act more like a controlled current source rather
than an ideal controlled voltage source. Therefore, the input power needed to
drive a device into saturation, reduces with the outphasing angle (due to the in-
creased loading with increasing outphasing angle). Consequently, reducing the
input power in back-off operation will improve gain, as well as PAE; in additions,
it will also avoid excessive overdrive conditions of the active devices that can yield
degradation effects.

3.3.1 Optimum Input Signals Generation for the Branch Amplifiers

As discussed, unlike in the case of classical outphasing amplifiers, the input sig-
nals for the branch amplifiers of the mixed-mode outphasing amplifier contains
amplitude modulation as well as phase modulation to improve for the gain and

PAE of the system. Consequently for a particular complex modulated test signal
S;

Sin = r(t)e??® (3.4)
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Whereas 6(t) represents the angle modulation and r(t) represents the phase mod-
ulation in the input signal S;,,. The input signals for the branch amplifier A and
B can be described as

Spa,, = V;n(t)ej(iaﬁ(t)-iﬁ(t)). (3.5)
in which

acos(r(t)), if acos(r(t)) < dunr
t) = 3.6
o (%) {@hr, if acos(r(t)) > dihr (36)

and
~Jpor(?) +p172(t) + par3(t) + ps  if acos(r(t)) < dunr

Vin(£) = {CO;V((;LT if acos(r(t)) > Ginr (3.7)

The coefficients (p,, p1..pn) in (3.7) are used to implement the input-power
control in the outphasing regime, and p, represents the linear term, while the
higher order terms (p1, .., pn) are needed to keep the branch amplifiers just at the
edge of saturation while operating in the outphasing mode. The actual value of
the parameters (po, ..., p) are determined experimentally as follows; first find the
optimum efficiency input power curvature by sweeping both the input power and
phase offset of the branch amplifier inputs. Then determining the parameters
(o, ---pn) to closely approximate this optimum input power curvature using the
curve fitting toolbox of MATLAB.

The various input drive conditions for the different modes of operation are illus-
trated in Figure 3.6 and Figure 3.7 along with the resulting output loading of
the active devices given in Figure 3.8. Note that switching to class-B operation
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Figure 3.9: Principal block diagram of the memoryless closed-loop DPD

not only limits the reactive loading in deep power back-off, but also limits the
real part of the load to the level defined by the threshold angle (here, almost
10 * Rope). This will limit the impact of the losses in the output of the devices
and the power combining network (see section 3.2.3). Note that the switching is
done at the point where the efficiency of the outphasing amplifier starts to drop
more rapidly than that of the class-B amplifier, which is slightly different that
the point where the outphasing amplifier is entirely compensated for the reac-
tive loading. Doing so yields maximum efficiency at any power level in power
back-off operation for the mixed-mode amplifier. However, it must be mentioned
that setting ¢¢n, equal to comp Will in practice closely approximate this situation.

3.3.2 Digital Pre-distortion (DPD)

Since the modified outphasing amplifier employs input power and phase control
and is only optimized for efficiency, its resulting gain characteristic will be non-
linear. Consequently, for a fully operational system, DPD will be needed to meet
the spectral requirements.

To implement this, we use for the DPD the basic block diagram of Fig 3.9 which
makes use of a constellation-mapping based DPD algorithm [45][46]. If each chan-
nel of the amplifier is pre-distorted separately, the DPD can be very complex,
therefore we assumed that the mixed-mode outphasing amplifier is a single-input,
single-output system. This assumption allows the pre-distortion to be applied
directly on the input signal S;,, while the separation for the branch amplifiers is
handled in the digital domain by (3.6) and (3.7). The algorithm of pre-distortion,
therefore, can be kept very simple, since it only has to compare the amplifier out-
put signal with the original input signal and adjust the error terms in the lookup
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table to make this match as good as possible. This approach also has some ad-
ditional advantages like higher dynamic range and less dependency on the path
mismatches. We will discuss this DPD approach in chapter 6.

3.3.3 Reduction of Modulation Bandwidth Expansion

Another important aspect in the design of the outphasing PA is the modulation
bandwidth used for the branch amplifiers which is considered to be notorious for
the classical outphasing amplifier [31]. This bandwidth expansion occurs when
the original baseband signal is converted to the outphasing signals for the branch
amplifier inputs. This modulation bandwidth expansion is mainly caused by
the inverse cosine operation in conjunction with associated AM-PM conversion
involved in the input-signal processing. Moreover, this phenomenon does not only
restrict the modulation bandwidth of the overall transmitter, but also makes the
pre-distortion hardware and software more complex and expensive. In addition
memory effects in the branch amplifier tend to be more pronounced due to the
bandwidth expansion.

In view of this, an additional benefit of the mixed-mode amplifier is its very limited
bandwidth expansion compared to the classical outphasing amplifier. This can be
concluded by considering two extreme cases, namely 0° and 90° for the outphasing
threshold angle ¢:p,-. When the threshold outphasing angle is set to zero, the
amplifier operates as a pure class-B amplifier and no bandwidth expansion will
be present. On the other hand, if the outphasing angle is set to 90°, the amplifier
acts like a pure classical outphasing amplifier with related maximum bandwidth
expansion (up to a factor approximately 12 for a W-CDMA signal). Therefore, the
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bandwidth expansion for the mixed-mode amplifier will lie somewhere between
these two extremes. To support the conclusion above, a model for the mixed-
mode amplifier was developed in MATLAB and operated with a W-CDMA 3G
signal, while using different values for the threshold outphasing angle (¢¢p,-). To
estimate the bandwidth expansion of the input signals for the branch amplifiers,
the bandwidth is plotted for a W-CDMA signal (PAR=9.6dB, sampling frequency
122.9MHz), where 99.99% of the total signal power is contained. The result
is plotted in Figure 3.10 and is in line with the above-mentioned expectations.
Consequently, it can be concluded from the Figure 3.10 that for a 9.6-dB PAR
W-CDMA signal, a bandwidth expansion factor of only 3.5 can be expected when
using the mixed-mode outphasing operation with a threshold angle of ¢y, = 68°.

3.3.4 Design of the Mixed-Mode Outphasing Amplifier

To support the previously introduced theory, a W-CDMA base-station amplifier
has been designed that makes use of the proposed mixed outphasing / class-B
operation. For the active devices in this demonstrator, two 45 W GaN devices
have been used, which due their low parasitic output conductance, offer high
efficiency even for high-impedance loading conditions. The resulting amplifier
provides 90 W peak power (49.5dBm) at a center frequency of 2.14 GHz.

Branch Amplifier Cells

The overall efficiency performance of any outphasing amplifier is very much de-
pendent on its branch amplifiers, which must provide high efficiency not only for
optimum loading, but also at the maximum load impedances that occur during
outphasing (Figure 3.8). Moreover, to guarantee this optimum behavior, the load
modulation due to the outphasing should be correctly transferred to the internal
drain of the active devices. Therefore, in the design procedure, the disturbing
influence of the package and device parasitic elements (e.g., bond wires and out-
put capacitances) must be compensated. In our design, the influence of these
parasitic can be considered as a short artificial transmission line with a given
characteristic impedance, consequently by adding some additional transmission
line length with the same characteristic impedance, the total effective electrical
length can be made equal to 180°. Note, that for this particular value, the varying
load impedance at the output power combiner interface due to outphasing action
will be perfectly reproduced at the internal drain terminal of the PA devices.
Consequently, the output capacitance of the devices can also be compensated at
the end of this 180° (Figure 3.11). Device matching for the real part is incorpo-
rated in the design of the output power combiner. Finally, the branch amplifier
cells are designed unconditionally stable in order to handle the varying loading
conditions due to the outphasing action without any complication.
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Figure 3.11: Simplified schematic of the mized-mode amplifier

3.3.5 Power Combiner Design

The Chireix output combiner is also given in the Figure 3.11, it utilizes a con-
ventional two-line microstip power combiner with an additional % impedance
transformer to implement a two step impedance matching. The low-Q matching
results in the desired bandwidth of the overall outphasing amplifier. As a final
step, (based on the theory of the previous sections), the optimum Chireix com-
pensation angle was found to be equal to 68° for the desired W-CDMA signal
with a 9.6-dB crest factor. The compensation susceptances related to the 68°
angle have been combined wit the susceptances needed for compensating the out-
put capacitances of the active devices. The resulting susceptances are added to
the power combiner as open stubs. Note that, although on first sight the com-
pensation stubs seem to have the same length, in the actual layout one stub is
slightly longer that % and the other transmission line is slightly shorter than %
to implement the desired compensation susceptances.

3.4 Experimental Results

The demonstrator amplifier was tested using a mixed-mode measurement setup,
which is explained in detail later in chapter 6. In this chapter only the measure-
ment results are given. The amplifier was operated in mixed-mode, as well as,
in pure outphasing operation in order to provide clear insight in the performance
achievements due to the application of the mixed-mode concept.

3.4.1 Single-Tone Characterization

In the previous sections, we have shown that the efficiency of outphasing ampli-
fiers can be improved by optimizing the power and phase of the input signals.
For this reason a single-tone characterization is performed to find these optimum
input power levels, as well as, the optimum threshold angle ¢;p,-. The optimum
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input power levels with the related phase information are then used to estimated
the optimum control parameters of (3.6) and (3.7).

This characterization involves an input power sweep with stepped outphasing an-
gles while measuring the output power and phase of the transmitter. Finally by
plotting the maximum achievable efficiency for each output power level, the over-
all achievable efficiency versus output power can be obtained as shown in Figure
3.12.

The efficiency and PAE of the transmitter are measured and plotted for both
mixed-mode, as well as, the pure outphasing mode of operation. Note, that when
we operate the amplifier as a pure outphasing transmitter with constant input
power, we find the early efficiency roll-off in power back-off operation, as predicted
by the theory. The performance improvements for the mixed-mode operated out-
phasing amplifiers are clearly visible. The input drive conditions used in both
case are also shown in Figure 3.13. Note that due to the lower input power in
mixed-mode operation, the amplifier branches are driven less in saturation, caus-
ing a slightly lower output power. Consequently, the outphasing angle required
in mixed-mode operated amplifiers for a given output power back-off (OPB) level
will be slightly lower than that of pure outphasing mode, as is reflected by the
curves in Figure 3.13.

The transducer power gain of the mixed-mode amplifier is plotted in Figure 3.14.
As can be observed from this figure, there are two distinguishable regions of op-
eration (the outphasing and class-B regions). In the outphasing region, the gain
reduces with power back-off, whereas after switching to class-B mode the gain
starts to increase again since the PA devices are coming out of saturation. More-
over the gain drop in the outphasing region due to the input power control, for
mixed-mode operation, is restricted to 4dB at 8-dB OPB, instead of 8dB for
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for the 90-W GaN outphasing amplifier

pure-outphasing operation (3.14). We can therefore conclude from Figure 3.12
and 3.14 that driving class-B operated devices in deep compression is harmful
to their gain and PAE. This conclusion does not really change when considering
other saturated classes of PAs, e.g., class-E or class-F, where the inherently lower
gain of these classes make input power control even more important if the output
power is varied over a large range.

The RF bandwidth of the mixed-mode outphasing amplifier has also been inves-
tigated. It can be concluded from Figure 3.15 that the amplifier is capable of
maintaining an output power of more than 48dBm with high efficiency (n =60%)
over a bandwidth of 140MHz, which is more than sufficient for most 3G and 4G
basestations applications.

3.4.2 W-CDMA Characterization

Once the input power control parameters for the mixed-mode outphasing trans-
mitter are computed, the outphasing amplifier has been tested with a W-CDMA
signal with 16 dedicated physical channels (16-DPCHs). The resulting W-CDMA
signal has a PAR of 9.6dB and bandwidth of 3.84MHz. Figure 3.16 shows the
output of the transmitter with a W-CDMA signal with and without DPD (digital
pre-distortion). Note that the pre-distortion algorithm applied, does not correct
for the memory effects of the amplifier. The resulting measured average power
of the pre-distorted output signal is 39.5dBm while meeting the spectral require-
ments of the 3G W-CDMA standard. The related average efficiency for this 9.6-dB
crest factor signal is 50.5%, which is, (to the author’s best knowledge), the highest
value published up to date (august 2009) for any outphasing amplifier operated
with a W-CDMA signal
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3.5 Conclusions

In this chapter it has been shown that by making use of class-B operation for the
deep power back-off conditions, not only the CW efficiency at those power levels
can be increased but also extreme loadings conditions of the branch amplifiers
(due to the outphasing) can be avoided. This results in a significant improve-
ment in average efficiency of the amplifier when operated with W-CDMA signals.
In addition, due to reduced load modulation, the impact of output losses of the
branch amplifiers is also lower. These analyses indicate that even with class-B
operation of the branch amplifiers, average efficiencies of W-CDMA signals in ex-
cess of 50%-60% are feasible, provided that the output losses of the active devices
and power combiner can be kept low.

Although all efficiency data in this paper is given for (saturated) class-B opera-
tion (in the outphasing regime), these results can be easily renormalized to other
(higher efficiency) amplifier classes, enabling even better results.

It has also been shown that the use of mixed-mode operation is effective in limiting
the modulation bandwidth expansion of the input signal of the branch amplifiers.
This latter fact will reduce the hardware requirements and cost of the digital pre-
distorter. The DPD itself can be kept simple, since memory-less pre-distortion
proved to be sufficient to meet the spectral requirements.

All introduced theory is verified using a 90-W peak output power GaN mixed-
mode outphasing/class-B operated amplifier. The achieved 50.5% average effi-
ciency for a 9.6-dB crest factor W-CDMA, while meeting all linearity require-
ments, is to the author’s best knowledge, the highest ever reported up to date
(August 2009). This combined with its high-efficiency bandwidth, facilitating
multi-channel operation, makes the proposed amplifier concept an interesting can-
didate for 3G and 4G future communications systems.



Chapter

Adaptive Outphasing

4.1 Introduction

Although the performance of the conventional outphasing transmitter can be sig-
nificantly improved by the use of mixed-mode signal splitting techniques [16] (see
Chapter 3), the maximum attainable average efficiency, for modulated signals like
3G W-CDMA, are however still much lower than the peak efficiency of the PA
devices at their maximum output power ratings. For example, an ideal class-B
PA has a peak efficiency of 78.5%, while the maximum attainable average ef-
ficiency for mixed-mode outphasing, (assuming class-B operation of the branch
amplifiers), is only in the order of 60% for a 12dB PAR W-CDMA signal [16].
This number represents a kind of upper limit of what can be achieved for these
transmit signals when using the proposed mixed-mode concept in combination
with class-B device operation.

This chapter introduces the possibility of using tunable elements in the Chireix
power combiner [17]. Amplifiers based on this principle can provide in theory an
average efficiency, which is equal to the peak efficiency of the PA devices at their
maximum output power conditions (e.g., 78.5% for class-B PAs).

4.2 Theory

The basic theory of the outphasing amplifier has already been presented in detail
in Chapter 2. Therefore only the loading of the PA devices is discussed in more
detail in the following text.

The conceptual block diagram of the Chireix amplifier is shown in the Figure 4.1,
along-with the equivalent loading conditions of the PA devices. In this diagram,
the output of the active devices is assumed to behave like a perfect voltage source,

47
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Figure 4.1: a) Basic block diagram of Chireix amplifier, b) Equivalent loading of the
PA devices

something that can be approximated in practice by saturated class-B or class-F
operation [47]. Moreover, the varying phase angle between these voltage sources
(PA devices) results in the varying output power at the load resistor Ry, as well
as the outphasing angle dependent load modulation at the terminals of these PA
devices [6]. A simple analysis of the circuit of the Figure 4.1 yields (4.1) for the
output power and (4.2) for the loading of the PA devices

05V2
R, sin” (). (4.1)

Whereas V7, is the RF voltage developed across the load resistor Ry and ¢ is
the outphasing angle between the voltage sources

2.sin*(p) | .sin(29)
RL +j R

Pout:

Ya/B(¢) = (4.2)

Rewriting (4.3) in terms of the normalized output voltage V;,, yields,

2.V2 2V, /1-V?2
YA/B(Vn) = RL + 7 RL . (4.3)

Where V,, = 4/ % = sin(¢). P,, is the maximum output power of the amplifier.

Note that the PA devices in the Chireix configuration experience opposite load
susceptance which is indicated by '+” in (4.2) and (4.3). The load conductance
and the susceptance of the PA devices can be normalized by RLL (which is the
load conductance under maximum power conditions) for the sake of generality.
Note that the value of Ry, is chosen such that RLL represents the optimum load
of the PA devices. The resulting normalized conductance G,, and the normal-
ized suceptances B,, are plotted in Figure 4.2, which shows that the normalized
conductance initially starts at ’1’ and decreases to zero as the normalized output
voltage is reduced to zero by changing the outphasing angle between the voltage
sources. The efficiency of the Chireix amplifier is dependent on the efficiency of
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Figure 4.2: Loading conditions of PA devices in an uncompensated Chireix amplifier

the PA devices, which normally relies on the phase difference between their ter-
minal voltages and currents, e.g., for class-B operation the efficiency of the PA
devices is [7] given by (4.4)
7T Vout
=—. . . 4.4
= gt cos(9) @y
whereas ¢ is the phase angle between terminal voltage and current of the PA
devices, and V¢ is the terminal RF voltage and Vj. is the drain/collector bias
voltage.

In the conventional Chireix configuration, the terminal voltages of the PA
devices are fixed and therefore their efficiencies are only a function of ¢, which
in an uncompensated Chireix amplifier increases with decreasing output voltage,
thereby lowering the related CW efficiency [31]. As discussed earlier in this thesis,
Chireix proposed to add fixed reactive elements at the terminals of the PA devices
in order to improve the efficiency, which tune out the reactive part of their loads
at some particular outphasing angles (or at the corresponding normalized output
voltages). As a result, pure ohmic conditions exist at these outphasing angles,
yielding peaks in the efficiency characteristic (see Figure 4.3). The values of these
compensation susceptances are given by (4.5)

2sin(2
BCO7np = :Fj (Ricom )

(4.5)

in which ¢comp represents the outphasing angle where the device loading con-
ditions of the devices are purely ohmic. Note that this well known Chireix com-
pensation with a fixed susceptance results in two pronounced efficiency peaks.
This is caused due to the fact that the load susceptances for an uncompensated
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PAR W-CDMA signal) and the CW efficiency of an adaptively-compensated adaptive
Chireiz amplifier

Chireix amplifier are the function of sin(¢), consequently compensation at ¢comyp
also results automatically in compensation at (5 — ¢comp) [6]. The compensation
angle ¢comp must be chosen such that the average efficiency of the amplifier for a
particular modulated signal is maximized (see (Chapter 2)).

Although the Chireix approach yields a big efficiency improvement over con-
ventional outphasing and traditional class-B amplifiers, it also has its efficiency
limitations for signals with high PAR like W-CDMA. The main reason for this
degradation is that with fixed reactive elements, the load susceptances can be
compensated only at two specific outphasing angles, and hence the CW efficiency
of the amplifier is degraded for all other outphasing angles, resulting in a reduced
average efficiency for modulated signals.

4.2.1 Adaptive Chireix Amplifier

In order to overcome the above mentioned limitations, in this chapter we extend
the classical Chireix amplifier concept with adaptive suceptance compensation
[16]. In this approach, the fixed compensation succeptances are now replaced by
tunable resonators, which in principle can compensate for the undesired imagi-
nary loading conditions that result from the outphasing action at any angle. This
results in ohmic loading conditions for all outphasing angles, and consequently,
the CW efficiency of the amplifier becomes flat for all outphasing angles or nor-
malized output voltages (Figure 4.3). These improved loading conditions due to
the adaptive matching are also plotted in the Figure 4.4.

The flat CW efficiency versus normalized output voltage performance of the adap-
tive Chireix amplifier does not only result in a higher average efficiency of the
amplifier (equal to the maximum efficiency possible for the PA device), but also
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makes the average efficiency independent of the PAR or modulation of the input
signal. This means in practice, that the same amplifier can be used for different
kinds of modulated signals making multi-mode operation feasible.

So far in the discussion of the adaptive Chireix amplifier, we have assumed ideal
PA devices and ideal tunable components, however, in practical situations their
losses will degrade the amplifier performance and the resulting CW efficiency will
decrease with the normalized output voltage. To quantify the effect of these losses
on the performance of the adaptive Chireix amplifier, we present in the following
section an analysis that takes into account the losses of the PA devices and the
tunable matching networks.

4.2.2 Adaptive Chireix Amplifier Operation with Non-Ideal Devices

Figure 4.5 shows the schematics of an adaptively compensated Chireix ampli-
fier, which contains along-with the standard Chireix power combiner and the
PA devices, two tunable matching networks. The reactances of these tunable
matching networks are assumed to be controlled by two voltages, which vary with
the envelop of the input signal. The losses of the PA devices and the tunable
matching networks can be lumped together and represented by a shunt parasitic
conductance Gp,, at the terminals of the PA devices as shown in the Figure 4.5.
Moreover, if it is assumed that the tunable matching network compensates the
imaginary part of the load reactance perfectly, and then the efficiency of the adap-
tive Chireix amplifier (qdpenr) is given by (4.6)
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Figure 4.6: CW efficiency of the adaptive Chireix amplifier for different values of the
output losses

o GV
77ad;o,ch1" = Nm- (G(Vn) T Gpar) .

Whereas 7y, in (4.6) is the maximum efficiency of the PA devices (i.e., 78.5%
for class-B operation) and G(V;,) is the varying output conductance related to
the Chireix operation. The efficiency of the adaptive Chireix amplifier can also
be expressed as a function of the normalized output voltage (V},) and the ratio of

parasitic conductance and optimum load conductance v = % by using (4.3)

opt

(4.6)

and is given by (4.7)

1

dpchr = Nm-————. 4.7
Tadpchr Tim, (1 n Vl3> ( )
Equation (4.7) shows that in the the efficiency of the adaptive Chireix ampli-
fier decreases with normalized output voltage presence of losses (see Figure 4.6),

resulting in degraded efficiency performance at lower power levels. Moreover, the
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Figure 4.7: CW efficiency of the adaptive Chireix amplifier with switching to class-B
mode at lower power levels

rate of drop in efficiency is not constant and is given by (4.8). It can be observed
from the Fig. 4.6, that the efficiency drop is much higher at lower values of V,,
therefore it can be beneficial to switch to class-B mode at those power levels (by
fixing the outphasing angle and the matching network reactances) in order to take
advantage of relatively lower efficiency roll-off of the class-B amplifier [16]. The
rate of drop of the efficiency of the adaptive Chireix amplifier can calculated by
taking the derivative of (4.7) and is given by the following equation

anadpchr o 277m

ov,, (1+ =)V

(4.8)

As the efficiency of a class-B PA drops linearly with normalized output voltage
(Va), the efficiency degradation with respect to V, is constant and is given by the
following equation

8773 _Anm_o
ov,  1-0

=Ny = %for ideal class-B. (4.9)

Once the adaptive Chireix amplifier is switched to class-B region, its rate of
efficiency drop also becomes constant. It is equal to the efficiency of the adap-
tive chireix amplifier at the instant of switching (nedpcnr(Vinr)) divided by the
threshold voltage Vi, as shown in the Figure 4.7, and given by the following
equation,

8nadpchT(AB) _ (nadpchr(v;&hr)) _ Tim (4 10)
aVn (V;&hr) V;&hr~(]~ + VZ ) )

thr
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The optimum threshold voltage for changing the outphasing operation into
class-B operation can be found analytically by expressing (4.10) as function of V,,,
and then equating (4.8) and solving for V,,, resulting in a very simple expression
for optimum threshold voltage (4.11)

Vine (opt) = /7. (4.11)

Finally the CW efficiency of the adaptive Chireix transmitter with class-B
switching can be expressed by the following equations, and is plotted in Figure
4.7

V2

Mmooy Vi < Vi

Nadpchr = VY % " thr . (4.12)
nadpchr(‘/thr)-ﬁ Vn > ‘/thr

Moreover, in order to study the impact of losses on the average efficiency of
the adaptive Chireix amplifier, the average efficiency is now plotted versus PAR
of W-CDMA signal for different values of losses in Figure 4.8. This figure shows
that if the system is lossless, the average efficiency is constant for all signals and
is equal to maximum efficiency possible for the PA devices. On the other hand if
the losses (of the PA devices and matching networks) are taken into account, the
average efficiency decreases and this degradation is more pronounced for signals
with high peak to average ratios, since the losses have their biggest impact in
deep power back-off operation.
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Figure 4.9: Schematic of a 0.5 W adaptive Chireiz amplifier

4.3 Adaptive Chireix Amplifier Demonstrator

In order to experimentally verify the ideas presented in this chapter, a prototype
adaptive Chireix amplifier has been implemented as a hybrid (see Figure 4.9). It
is designed for IS95/WCDMA2K [48] signals, with a design frequency of 870MHz
and aimed maximum output power of 27dBm.

4.3.1 Power Amplifier Cells

As discussed previously, the efficiency and voltage source like behavior of the PA
cells is very important for the efficiency and operation of the Chireix amplifier.
Therefore the amplifier cells were designed to operate in saturated class-B mode.
Moreover, the amplifier cells are based on a pair of matched NXP QUBiC4P+
transistors, which provide high gain (> 15dB) while having a collector efficiency
greater than 70%. The amplifiers cells were available as bare dice and are mounted
on a PC board that contains all other circuitry for biasing, stabilization and
impedance matching.

4.3.2 Adaptive Power Combiner

The adaptive power combiner is based on the classical transmission line type
Chireix power combiner along-with the tunable resonators for adaptive compen-
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sation. These tunable resonators are implemented by a parallel combination of
varactor diodes (NXP BB149 varicaps) with inductive transmission lines T'Ly and
TL, as shown in the Figure 4.9. The parallel configuration ensures predictable
voltage swings on the varicap diodes, which makes it easier to avoid forward bias
or breakdown conditions under all RF drive conditions. The arbitrary waveform
generator used to control the voltages on the varicap has a range of -5 to +5 volts,
whereas the voltage range for varicaps is from 0 to +22V. Therefore, in order to
optimally use the proper tuning range of the varicaps, a biasing circuit was added
to the resonators, which is formed by the capacitor Cq, Ca, Chypass and the bias
source Vyoqe in the Figure 4.9. The Chireix power combiner itself is made with
two transmission lines, T' L3 and T'Ly. Typically the electrical length of these
transmission lines is % (at the design frequency), but in our design the lengths of
these lines are adjusted to compensate for the bond-wire inductances, such that
the total electric length from the collector terminals to the load becomes % at the
desired frequency. This is needed to ensure that the load modulation (generated
due to outphasing) is properly transferred to the collector terminals of the active
devices. Moreover the characteristic impedance of the transmission lines T'L3 &
TL, is chosen in such a way that the 50¢2 load transfers to the optimum load
of the PA devices. This impedance is given by (4.13), whereas Ry, is load of the
amplifier (usually 508) and R,,; is the optimum loading of the PA devices

Zy = /2R Ropr. (4.13)

Note that due to the power-combiner design, maximum output power for the
amplifier occurs now at zero degree out-phasing angle, while minimum output
power occurs at 90° outphasing angle. The proposed network is simple but effec-
tive, however, its losses may restrict the average efficiency enhancements which
can be achieved using this prototype.

4.3.3 Measurement Setup

To experimentally verify the Chireix amplifier with adaptive power combiner, two
phase and amplitude controlled input signals along with the modulated bias sig-
nals for the varactor diodes are needed. To obtain these signals, we constructed
the test setup of Figure 4.10. In this setup, the required RF signals are generated
using a four channel arbitrary waveform generator (AWG) and two IQ modu-
lators. The resulting RF signals are pre-amplified in order to obtain sufficient
input power for the out-phasing transmitter. An additional high-voltage arbi-
trary waveform generator is used to generate the control voltages for the varactor
diodes. The power and resulting spectrum are monitored by a spectrum analyzer.
Moreover, in order to analyze and correct the output modulated signal, the out-
put of the amplifier is also coupled to an IQ de-modulator. The outputs of the
1Q demodulator are sampled through high-data rate analog-to-digital converters.
Note that this setup, due to the synchronization of the AWGs and coherent up-
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Figure 4.10: Measurement setup for adaptive Chireixz amplifier

conversion, can not only perform static testing, but also facilitates dynamic mod-
ulation of the adaptive power combiner with the envelope of a complex modulated
signal. Moreover, since the IQ modulators (for up-conversion) and 1Q demodu-
lator (for down-conversion) share the same clock, absolute measurements of the
output phase are possible. This ia a feature that helps us in selecting the correct
diode control voltages for adaptive matching network.

4.3.4 Single-Tone Measurements

The main aim of this amplifier is to amplify complex modulated signals like
CMDAZ2K or IS95 signals. However, in order to construct the correct input sig-
nals, it is also important to pre-characterize the amplifier to find the optimum
values of the diode voltages for the matching network, as well as the optimum
threshold outphasing angle ¢, beyond which class-B operation is used.

For this purpose, the input power, outphasing angles and the diode voltages are
varied and the output power, output phase, and the related efficiency are mea-
sured. Using this data, the varactor voltages are selected which result in the
highest efficiency for each output power level along-with the lowest phase dis-
tortion. The resulting CW efficiency performance for different fixed outphasing
angles is shown in the Figure 4.11.
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Figure 4.11: Single-tone measurement results for adaptive Chireixz amplifier

4.3.5 CDMA2K Measurements

Once the optimum varactor voltages and threshold outphasing angle are known,
a lookup table is constructed. The IQ signals for the input of amplifier and the
related control signals for the matching network are determined using this table.
The measured results for the CDMA2K signal are shown in Figure 4.12. The
PAR of this signal is 7dB, the maximum average output power is 20dBm and the
corresponding average efficiency is 49.5%.

4.4 Conclusions

The previous chapters (Chapter 2 and Chapter 3) showed that there exist a max-
imum for the average efficiency which can be obtained using the outphasing con-
cept, and that maximum is always below the peak efficiency provided by the PA
devices. In this chapter we show that this maximum can be increased if the out-
phasing concept is combined with an adaptive power combining network. This
basically results in an adaptive load modulation amplifier. However, the combi-
nation with outphasing provides us with an extra degree of freedom, which helps
to keep the adaptive network simple and low-loss. A 0.5 Watt adaptive Chireix
amplifier has been realized to verify the proposed concepts of this chapter. This
demonstrator shows a fairly flat efficiency performance over 10dB output power
back-off range and provides close to 50% efficiency for IS95 signals.
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Chapter

Wide-Band Doherty PA

5.1 Introduction

Currently the Doherty power amplifier (DPA) [9] represents the most commonly
used high efficiency concept in base station applications. Its popularity results
from its high efficiency performance achieved at a low hardware complexity and
cost level [12][49]. However, a well known disadvantage of the DPA, is its nar-
row bandwidth (typically <10%) [13][50], which complicates its application in
multi-band /multi-standard communication systems. Consequently, custom DPA
solutions for each individual need in the market have to be developed, raising
costs and yielding logistic problems.

To address this limitation, we investigate how the DPA bandwidth for high ef-
ficiency operation can be expanded. This chapter is organized as follows; after
providing a brief introduction to the Doherty power amplifier, we first discuss the
DPA bandwidth restrictions in section 5.2.1. In section 5.3 we evaluate various
matching topologies (mainly addressing the wideband compensation of the output
capacitance of these devices), connection schemes and Doherty power-combiners
that extend the DPA bandwidth. The actual circuit realizations are given in sec-
tion 5.4, followed by experimental verification in section 5.6. Later in this chapter
(section 5.7), improved Doherty power combiners are presented along-with circuit
realizations.

5.2 Theory of Doherty Power Amplifiers

Doherty power amplifier operation is a well established technique to increase the
average efficiency of microwave amplifiers [6]. In this technique the RF amplifi-
cation is accomplished by using multiple branch amplifiers in parallel. Through
smart power combining of the outputs of these branch amplifiers, active load

61
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modulation occurs, which helps to improve the average efficiency of the overall
DPA amplifier. Currently, there exist various Doherty power amplifier imple-
mentations, e.g., the symmetrical two-way DPA [51], the asymmetrical two-way
DPA [49] and the three-way DPA [13]. However in the following sections only
the bandwidth performance of the two-way DPA is discussed in detail for reasons
of simplicity. The results obtained from this analysis can be easily extended to
cover other more complex DPA architectures.

The diagram of a two-way Doherty power amplifier (DPA) in its most elementary
form is given in Figure 5.1. Here the main and peak devices are represented by
current sources connected by a transmission line impedance inverter, which has
an electrical length of % at the center frequency of the design. In the DPA, the
main device is active at all output power levels, while the peaking device operates
only at the peak power levels [6]. Moreover the characteristic impedance of the
transmission line T'L;,,, is chosen in such a way that load of the main device (when
operating alone) is ‘z’times its optimum load for providing maximum power (i.e.,
zRopt ). This increased loading results in a higher RF voltage swing at the drain
terminal of the main device, and consequently higher efficiency of this device [6].
The RF voltage swing and the efficiency of the main device achieve their max-
imum value when the output current of the main device reaches (%) times the
current I, mqq at full power.

When the RF voltage reaches its maximum (e.g., twice the supply voltages when
operated in class-B) the main device gets saturated. As a result, the voltage swing
can no longer be increased. Therefore in order to increase the output power, the
load of the main device needs to be decreased. This is accomplished by activating
the peaking device at the point where the main amplifier reaches its saturation
voltage. When the peaking amplifier starts to inject current into the load Rp,
the effective load of the impedance inverter (T L;y,,) will increase. Consequently,
the main device will experience a decreasing load at its drain terminal due to the
impedance inversion. As a result, the main device will come out of saturation
and will increase its output power by injecting more current into the load. In this
way, at these higher power levels, the currents of the main and peaking device(s)
are varied such that the main device always remains at the edge of saturation and
hence operates at maximum efficiency. When reaching full power the peaking
device is injecting (k = x — 1) times more power than the main device, while both
devices experience their optimum load for output power and maximum efficiency.
Due to this previously described operation, the efficiency characteristics of the
two-way DPA exhibits two distinct efficiency peaks. Namely, one at full power
where both main and peaking devices are operating together, and other one at
the back-off power level where the main device is operating alone and reaches its
voltage saturation.

The difference between a symmetrical and asymmetrical DPA lies in the ratio of
the maximum output power of the peaking amplifier with respect to that of the
main amplifier (k = -S2eekmaz ) [12] This ratio also defines the location of second

Pm.uin,'maz
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Figure 5.3: Basic schematic of the Doherty power amplifiers used in the bandwidth
analysis.

efficiency peak in the efficiency characteristics of the DPA. In a symmetric DPA
the value of 'k’ is equal to 1, which results in equally sized main and peaking
devices and a location of 6dB power back-off level for the second efficiency peak.
Whereas, for asymmetric DPA the value of 'k’ can be chosen higher, e.g. equal
to 2. Note that this particular choice would result in a peaking device which
is two times bigger than the main device and a 9.6dB power back-off location
for the second efficiency peak. The efficiency characteristics of a symmetric and
asymmetric two-way DPA are shown in Figure 5.2. In broader sense, the choice
of 'k’ will depend on the characteristics of the signal to be amplified and its value
can be optimized in the same way as we have discussed previously in chapter 2.
However, in practical situations the most commonly used values of k are 1.0 and
2.0 [49].

5.2.1 Bandwidth of the DPA with Ideal Devices

As discussed in the previous section, the operation of the DPA depends on the
inversion properties of the impedance inverter transmission line T'L;,, which,
besides being vital for the operation of the DPA, is also the only frequency de-
pendent component in this elementary DPA schematic (Figure 5.1), when imple-
mented using ideal current source like PA devices. Optimum wideband operation
of the DPA would require the impedance inverter transmission line to be a perfect
impedance inverter over the whole desired frequency band. Without changing the
physical properties of the TL, this is not possible [52]. The electrical length of
the TL increases linearly with frequency; hence, the TL forming the inverter will
impose bandwidth restrictions on the DPA concept. In view of this, the phase
relations versus frequency of the input signals, which control the main and peak
device current sources, should track perfectly the phase delay provided by the
TL impedance inverter at each frequency [16]. In practical situations, the output
capacitance of the PA devices proves to play a very decisive role in defining the
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maximum bandwidth of the DPA in addition to the impedance inverter, some-
thing that we will include later in our analysis.

To evaluate the frequency dependent efficiency behavior of the DPA, we use the
simplified schematic of the 2-way DPA with the assumption that the PA devices
can be represented by ideal current sources with zero output capacitance. More-
over, the terminal voltages of PA devices (which are vital for efficiency) can be
calculated easily if the network enclosed by the dotted rectangle in the Figure 5.3
is represented by the impedance matrix (Z-matrix) [52],

Zo(Rr COS(fn%)—&-jZO Sin(fn%) ZoRp,
Zo COS(fn%)'i‘jRL Sin(fn%) Zo COS(fn%)-i-jRL Sin(fng) (5 1)
Z,Ryp, ZoR1 COS(fn%) . '

Zocos(fng)+iRL sin(frn3) Zocos(fn ) +iRL sin(fn %)

Note that in (5.1), f,, is the normalized frequency with respect to the center
frequency of the design (f, = fi), Z, is the characteristic impedance of the TL
impedance inverter and Ry, is the load impedance. The terminal voltages of the
main (V;,) and peaking amplifier (V) are given by

‘/Tn = lelm + ZlQIpa (52)
Vout = ‘/p = Z21Im + Z22Ip~ (53)

I, and I, in (5.2) and (5.3) represents the currents of the main and peaking
device. Once the terminal voltages are known (by using 5.1 to 5.3), the out-
put power (P,,;) and the efficiency (4pa) of the total DPA, (assuming class-B
operation for the active devices) can be calculated as,

Ndpa = Pout _ m Re(vml;%) + Re(‘/;;_[;)
pa Py 4 |Vm(maa:)”Im| + |Vp(maw)||1p|.

Note that class-B operation is assumed in (5.4). The resulting efficiency curves
are given in the Figure 5.4 for the symmetrical two-way Doherty case.

(5.4)

Note that for ideal devices, that act like perfect current sources, the CW ef-
ficiency versus frequency at 6dB power back-off (see Figure 5.4) indicates that
Doherty operation in its most elementary implementation allows an efficiency
bandwidth of 28% (e.g., bandwidth where the efficiency is within 10% of its max-
imum value), while at full power there seems to be no bandwidth restriction.
Note that bandwidth remains the same for deeper back-off power levels (> 6dB
for a symmetric two-way DPA) because the main amplifier operates alone, and
the loading conditions are identical to the situation at 6dB power back-off.

The above set of equations (5.1) to (5.4) can also be applied to the asymmetrical
Doherty case (k > 1). The resulting CW efficiency response versus frequency
is shown in Figure 5.4. As expected, the asymmetrical DPA, due to its higher
load modulation, shows a more narrow bandwidth behavior than the symmet-
rical DPA. Moreover, in the asymmetrical Doherty the bandwidth reduces with
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Figure 5.4: CW efficiency characteristics of generic two-way DPA with different values
of the asymmetry factor k.

increasing ‘k’.

Although relatively straight forward to analyze, these results are quite surprising,
since conventional DPA implementations show only narrow-band operation, typ-
ically resulting in an efficiency bandwidth of only 5% to 10%. This fact indicates
that in conventional designs the TL impedance inverter is not the only bandwidth
limiting component.

In view of this, attention also needs to be given to the bandwidth constraints
imposed by other frequency dependent components in practical DPA implemen-
tations (e.g., the output capacitance of the PA devices). Doing so can direct us to
new design methods that facilitate higher bandwidths for practical DPA designs.

5.2.2 DPA Bandwidth for Devices with Output Capacitance

To make our efficiency bandwidth analysis more realistic, the analysis is now ex-
tended by including the non-zero output capacitance of the active devices. Since
practical PA devices have both output and input capacitance [6], their inherent
bandwidth limitations (for a particular reflection coefficient I';,,) due to input and
output matching is given by the (5.5) for a parallel RC circuits [53][54]

1 T

Awln(=—) < ——,
( ) Ropthe'u

T
whereas I'y, is the reflection coefficient, R, is the output load which is usu-
ally equal to the optimum load of the PA device for maximum performance, and
Clyev is the output capacitance of the PA devices.

(5.5)
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Figure 5.5: a) Conventional wideband matching b) matching topology typically applied
in load modulated PA’s.

However, this maximum bandwidth can only be achieved if the PA devices are
matched using wideband impedance matching techniques, which is traditionally
done by matching the output of the PA device as a (complex) impedance [54].
In such an approach, the reactance is first tuned out by a series inductor, after
which the remaining real part is matched by a multi-section wideband matching
network (Figure 5.5).

Doherty operation, however, requires load modulation [9]; therefore, it is more
practical for DPA applications to match the PA devices as an admittance such
that the load modulation can be applied directly at the output terminal of the PA
devices [6]. This is usually done by first tuning out the output capacitance by a
parallel inductor, and then providing the matching for the real part of the output
admittance [12] (Figure 5.5). With this topology, the matching of the reactive
part forms a parallel resonator at the output of the PA device, which by itself will
have a band pass characteristic and therefore not only limit the bandwidth of the
PA devices, but also of the total DPA. The related efficiency degradation of the
PA devices as function of Cge, and R,y can be represented as,

Ndegrad = COS<tan_1(27TCdevRopt(1 - f2)7 (56)

n

when deviating from the center frequency of the design.

The resulting efficiency given by (5.6) proves to be related to the output ca-

pacitance and optimum loading of the PA device which is characteristic for a given
technology.
The effect of this efficiency degradation due to the parallel resonator can also
be easily incorporated in (5.1) to (5.4). Moreover the CW efficiency-frequency
characteristics of the DPA with devices having non-zero output capacitance are
calculated for NXP’s LDMOS Gen?7 [49] devices and Cree Inc. GaN devices [38],
and are plotted in Figure 5.6. The curves in Figure 5.6 show now the same narrow
band behavior which is usually observed in practical implementations of DPAs.
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Figure 5.6: CW efficiency versus relative bandwidth of a symmetric two-way DPA at
6dB output power back-off level for two different FET technologies.

Note that the output capacitance of the GaN devices from Cree is almost half the
capacitance of the LDMOS devices for a comparable output power level. This
reduced output capacitance results in much better bandwidth characteristics of
the individual devices (see equation (5.6)) thus, enabling the design of very wide-
band amplifiers with this technology. However, in DPA like configurations this
reduced capacitance improves the bandwidth by only a few percent. Therefore,
if conventional matching techniques (compensation with parallel inductors) are
applied in DPA configuration, the bandwidth cannot be dramatically improved
by optimizing the device technology.

It can be concluded from this section that the main cause of the narrow band-
width of the DPA is the output capacitance of the PA devices and not the com-
monly blamed output power combiner. Therefore, the first step to improve the
bandwidth of the DPA is to compensate the output capacitance of the PA devices
in a wideband fashion in order to eliminate the parallel resonating structure at
the output of the PA devices [14]. This topic will be discussed in the next section.

5.3 Output Capacitance Compensation for Wideband Opera-
tion

One attractive technique to compensate the output capacitance of active devices
is to absorb the output capacitance along-with the connecting bond-wires in the
impedance inverter [14]. Doing so, the efficiency versus frequency behavior im-
proves, since in this situation we are only limited by the bandwidth of the quasi-
lumped transmission line, rather than by the bandwidth of the parallel resonator
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Figure 5.7: Simplified schematic of a DPA which absorbs the output capacitance of
the main and peak device, as well their connecting bond-wires into the quasi lumped
transmission line impedance inverter.

at the output of the active device. Figure 5.7 shows the related DPA schematic,
which now also includes the output capacitances and connecting bond-wires of the
active devices. Note that the transmission line along with bond-wires and output
capacitance of the PA devices, indeed results in a quasi-lumped TL. Consequently,
if the length and characteristic impedance of this artificial TL are adjusted in the
proper way, it will act as an impedance inverter at the design frequency.

In order to evaluate the usability and limitation of the proposed concept, an anal-
ysis of this quasi lumped transmission line is performed. For this purpose we first
neglect the bond-wire inductances in the initial analysis for sake of simplicity.
Doing so, (5.7) and (5.8) give the electrical length and characteristic impedance
of the required connecting transmission line needed to absorb the output capaci-
tance of the PA devices in the quasi-lumped inverter

07 = cos™ (wCliew Z,), (5.7)
Zo
—_— M. (5-8)

Z, is the characteristic impedance of the original full % impedance inverter,
while 67 and Z7 are the calculated electrical length and characteristic impedance
of the TL, which forms the inverter along-with the output capacitances of the PA
devices. Equation (5.8) also imposes a restriction on the maximum capacitance
value that can be absorbed in the quasi-lumped transmission line, which for a
particular frequency (w) is given by,

1

Chev <
dev w.Z,

(5.9)
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Figure 5.8: Simplified block diagram of the 20-W NXP Gen6 wideband DPA demon-
strator.

which in turns sets a limit on the maximum design frequency of wide-band DPA
using this method,

1

max — . 5.10
“maz Zo~Cdev ( )

As discussed before, Z, is normally taken equal to the optimum load of the
active devices (Ropt) for delivering maximum power [6]. Therefore, when assum-
ing linear power scaling, the product of Z, and Cy., is fixed for a particular
technology, and cannot be chosen independently. Consequently, (5.10) limits the
maximum design frequency which can be selected for this particular DPA design
technique with a given device technology.

Once the length and the characteristic impedance of this TL are known, then
(5.11) and (5.12) can be used to refine the length and characteristic impedance
of the TL by including the effect of the bond-wire inductances,

Z
Op = tan_l(ﬁ), (5.11)
~, sin(fr)
Zp = T in(0r) (5.12)

In which Lp is the bond-wire inductance, while 8 and Zg are the required
electric length and the characteristic impedance of the final transmission line
implementation needed to absorb the output capacitances of the active devices
and their connecting bond-wires.
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Figure 5.9: Simulated efficiency vs. frequency at full output power and at 6dB power
back-off of the 20W wideband Doherty power amplifier.

5.4 Circuit Realization

A 20-W wideband DPA was designed to evaluate the forgoing theory. Two bare
dice of 10-W NXP Gen 6 LDMOS devices were used for the branch amplifiers
operating in class-B mode. The design center frequency is set to 1.95 GHz, in
order to avoid the frequency limit imposed by (5.10). The required length and the
impedance of the final transmission line were calculated using (5.7), (5.8), (5.11)
and (5.12). The complete circuit diagram of the DPA along-with the biasing lines
and harmonic terminations is shown in the Figure 5.8.

In this implementation the connection of the peaking amplifier to the load is
very important, since the impedance inversion path of the main to peak amplifier
should not be partially shared by the DPA connection to the external load. For
this reason the output of the peaking device is directly bonded to the load in
our design, along with bonding it directly to the quasi-lumped TL (Figure 5.8).
The remaining tasks in the circuit design of the DPA are: the wideband output
match to the 5082 load, and the wideband input match of the PA devices. In our
design it has been chosen to have two individual inputs for the DPA in order to
allow independent control of the phase relations of the main and peak device to
maximize its wideband performance.

5.5 Simulation Results

The circuit has been designed using Agilent Advanced System Design (ADS).
Figure 5.9 shows the simulation results at maximum output power and at 6 dB
power back-off operation. As expected, the DPA has its highest bandwidth at full
power while still providing an excellent bandwidth (> 300M Hz) at 6dB power
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Figure 5.10: Block diagram of the measurement setup used to characterize the wideband
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back-off. The slow efficiency roll-off at full power is due to frequency behavior of
the quasi-lumped transmission, which yields a slightly reactive loading to the PA
devices for frequencies higher than the center frequency.
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Figure 5.12: Measured efficiency Vs. output power for the wideband Doherty at differ-
ent frequencies.

5.6 Measurements

Since the goal of this work is to evaluate the wideband DPA performance set by
the improved output power combining network, a mixed-signal characterization
setup was used to characterize the DPA demonstrator (Figure 5.10). It provides
precise control of phase relations of the input signals, such that the output phases
of the main and peak device track perfectly with the quasi-lumped impedance
inverter [14]. Also the input signal amplitudes have be optimized for maximum
performance. The efficiency measurements are performed from 1.7 GHz to 2.3
GHz, and their results are shown in Figure 5.11 and 5.12. The related gain of the
DPA was 13 dB.
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5.7 Bandwidth Improved DPA Power Combiners

In the previous section it is shown that, once the output capacitances of the
PA devices are compensated by absorbing them into the output power combiner
network, the bandwidth of the DPA can be significantly improved. This section
shows that if a wideband impedance inverter [14][55][15] is used along-with the
previously proposed output capacitance compensation, the bandwidth of the DPA
can be further increased by another 17%.

A number of wideband impedance inverters exist in literature [56][57][58], which
are mainly designed with coupled line structures. One of these structures, which is
well suited for DPA applications, is proposed by Jordon Sveshtarov[59]. This con-
figuration is based on a combination of a coupled line section (CLS) with a single
transmission line (TL), as illustrated in Figure 5.13. This structure has wideband
impedance inversion properties that can be utilized to improve the bandwidth of
the DPA [15]

In order to investigate this opportunity, the magnitude and phase of the input
impedance of this structure versus frequency at the 6dB power back-off point
are plotted in Figure 5.14. Note that Ry is set to be 0.5Q while the wideband
impedance inverter parameters are chosen in such a way that it provides a wide-
band input impedance of 2{2. In this way, this configuration mimics the classical
two-way DPA situation with a 6 dB back-off high efficiency point.

From Figure 5.14 it can be noted that this wideband impedance inverter indeed
provides an impedance inversion over much larger bandwidth than a quarter-wave
transmission line. In addition to that, the phase variation of the input impedance
is lower than that of the quarter-wave transmission line. Therefore, application
of this inverter in a DPA should result in much larger bandwidths at the back-off
power level. The analytical analysis of the actual bandwidth performance of this
novel impedance inverter when applied in a DPA configuration at various power
levels is quite tedious and results in very complex equations. Therefore, the band-
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width analysis is performed using ADS with the simplified schematics of a 2-way
symmetrical DPA of Figure 5.15. At the back-off power level (6dB PBO), the
current of the peaking device is assumed to be equal to zero, and at full power
level the phase and magnitude of I, are assumed to track perfectly to the phase
and amplitude of I/, so that the active load modulations at the node *A’ results in
a real impedance only. The resulting terminal voltage of the main and the peak-
ing devices are plotted in Figure 5.16 and Figure 5.17. Note that the terminal
voltages of the main and the peaking device get higher than ‘1’because the input
impedance of the currents sources gets higher than the nominal values of ‘2’(at
6 dB PBO) and ‘1’(at full power level). However, real PA devices (operating in
class-B mode) show RF voltage saturation behavior once the RF voltage exceeds
DC bias voltage. Therefore, while calculating the efficiency of the PA devices,
(using Figure 5.15), it is assumed that the terminal voltages do not exceed the
nominal value of ‘1.

The efficiency of the DPA can be calculated using the magnitude and phase of
the terminal voltage of main device (V;,,) and magnitude of the terminal voltage
of the peaking device (V,,:) using the following relations,

Nmain = NAB|Vin|cos(0) (5.13)

whereas n4p in (5.13) is the maximum efficiency of the class-B PA and 0 is
the phase angle between current and voltage waves at the main device, and

Tpeak = 77AB|V;)ut|- (514)

Moreover, by using the assumption that phase and magnitude of I, track I,
perfectly, the total efficiency of the symmetric two-way DPA at full power level
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Figure 5.17: Terminal voltage of main and peaking devices for schematics of Figure
5.15 at full power.
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Figure 5.18: Efficiency of the DPA at 6dB power back-off operation assuming class-B
operation.

can be calculated using (5.13) and (5.14), which reduces in this special case to,

main + ea
Ndpa,0dB = %. (5.15)

The efficiencies at 6dB PBO as well as at full power levels are calculated by
using (5.13), (5.14) and (5.15) and assuming hard clipping of the terminal volt-
ages of the PA devices beyond ‘1’. It is also assumed that the both PA devices
deliver equal power under the maximum power conditions. The results for these
power levels are plotted in the Figure 5.18 for 6dB PBO and Figure 5.19 (for full
power level).

Hence, the wideband impedance inverter demonstrates excellent performance (an
efficiency BW of 100% at 6dB back-off as well as at 0dB back-off) but its inte-
gration in a real DPA circuit (along-with the output capacitance compensation
technique of the previous sections) is quite tedious due the TL coupling involved
and lack of space. A much simpler structure inspired by this configuration was
derived by Xiaobo Deng [15][60] by assuming that the actual coupling between
the coupled lines is reduced to zero (see Figure 5.20 and Figure 5.21).

To evaluate the efficiency performance of the DPA with this structure, an analysis
similar to the one presented in section 5.2.1 can be performed. The Z-matrix of
the structure shown in the Figure 5.21 can be obtained by replacing Ry, in (5.1)
by the parallel combination of Ry, and the frequency dependent impedance of the
short-circuited transmission line T'Ls;, which is given by,
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Zgp, in (5.16) is the characteristic impedance of the short-circuited shunt trans-
mission line, which can be chosen relative to Z,, in order to provide the best
compromise between the bandwidth at back-off and full power level. Note that
Zp, is characteristic impedance of the main transmission line. The new Z-matrix
of the structure of Figure 5.16 is given by the following equation

ZTL :j.ZShtan( ) (516)

Zo(RY, cos(fn5)+iZosin(fnl) ZoRj,
Zocos(fn5)+jR; sin(fn3) Zocos(fnZ)+iR; sin(fn ) (5 17)
ZoR} ZoR cos(fn %) ’ :
Zocos(fnf)+iR; sin(fnl) Zocos(fnZ)+iR; sin(fn )

whereas R} in 5.17 is given by (Ry || j.Zsh tan(g%)). The efficiency of the
DPA using the simplified wideband impedance inverter of figure 5.20 is calculated
by using (5.17) along-with (5.2), (5.3) & (5.4) and is plotted in Figure 5.22 for
a symmetric two-way DPA at an output power back-off level of 6dB. It can be
seen from the Figure 5.22; that this new impedance inverter provides roughly

17% more efficiency bandwidth than the conventional QWTL, which makes the
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total efficiency bandwidth of the DPA at back-off power levels equal to 45%. The
performance of this novel impedance inverter at full power levels is plotted in
Figure 5.23. Note that hard-clipping of the output RF voltage (beyond the nor-
malized values of 1’ relative to the drain bias voltage) is assumed for generating
the graphs of the Figure 5.23 and Figure 5.22. The resulting efficiency shows that
unlike the QWTL, this impedance inverter has some BW limitations at full power.
However this limitation does not really affect the overall bandwidth performance
of the DPA, since its main BW restriction still arises from the bandwidth at power
back-off operation.

From the discussion we can conclude that the best choice for impedance inverter
for a wideband DPA is the coupled line impedance inverter. However, its integra-
tion in the DPA along-with wideband output capacitance compensation technique
is quite troublesome. Therefore, the impedance inverter proposed by Xiaobo Deng
[15] is used in the following sections to realize a wideband two-way symmetrical
Doherty power amplifier.

5.8 Circuit Realization Based on the Improved DPA Combiner

In order to demonstrate the circuit idea presented in the previous section, a two-
way DPA is designed using the new wideband impedance inverter proposed by
Xiaobo Deng [15]. Its circuit diagram is shown in the Figure 5.24, which is quite
similar to circuit of the wideband Doherty PA presented in the previous sections
(see Figure 5.8). Again the output capacitances of the devices are absorbed in the
output power combiner to improve the DPA wideband behavior. In addition to
that, a short circuited QWTL is added to form the novel wideband band inverter
along-with the quasi-lumped QWTL.

Figure 5.24 show the idealized schematic of the resulting wideband DPA, in which
the short-circuited QWTL is directly connected to the drain of the peaking device.
In practical implementations, however, it will be connected through bond-wires
to the active device, which can disturb to some extend the desired transmission
line operation. Therefore, in the actual circuit implementation, the bond-wire
and the short-circuited QWTL are absorbed in the output matching network.

5.9 Simulation Performance

The Wideband DPA is designed and simulated using Agilents ADS (advanced
system designer). The DPA of Figure 5.24 shows (in simulation) a very wide-
band efficiency performance both at full power as well as, at 6dB power back-off,
yielding a efficiency of more than 50% over 700MHz bandwidth at back-off power
levels and more than 60% at full power over a bandwidth of 800MHz (see Figure
5.25).
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5.10 Measurements

The improved wideband DPA circuit was measured with a mixed-mode setup (ex-
plained in section 5.6). The initial measurements did not show good frequency
response and it was concluded that the drain bond-wires heights were too low,
therefore the DC supply voltage was reduced to 20V in order to increase the capac-
itance of the device and re-tune the output power combiner at a slightly different
frequency band (1200MHz to 1900MHz) instead of (1500MHz to 2200MHz). The
measured performance of the circuit with these bias adjustments is shown in the
Fig. 5.26, which corresponds closely to the simulated results with a shift of center
frequency, and proves the concept.

5.11 Conclusions

The bandwidth limitations of Doherty amplifiers have been evaluated. It is shown
that the classical impedance inverter in a DPA has the ability to provide relative
bandwidth of 28%. Moreover, the narrowband behavior which is typically exhib-
ited in conventional DPAs is caused by the output capacitances of the PA devices.
A technique is presented to absorb the output capacitance of the PA devices in
QWTL, forming a quasi-lumped impedance inverter. With this technique the
bandwidth of the DPA was only limited by the quasi-lumped impedance inverter.
A prototype circuit with NXP’s LDMOS devices demonstrated 300MHz band-
width at 6dB power back-off level and 600MHz bandwidth at full power level.
The second part of the chapter concentrated on improving the bandwidth of the
impedance inverter itself. Two inverter topologies are presented. A coupled line
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section (CLS) based impedance inverter and an impedance inverter derived from
it in order to ease its circuit implementations. The CLS based impedance in-
verter provides the best performance, demonstrating 90% relative bandwidth at
6dB power back-off level and 100% bandwidth at full power levels, but due to the
transmission line coupling involved, the implementation of this power combiner
with the output capacitance compensation technique poses serious implementa-
tion issues.

The other wideband impedance inverter is derived from the CLS based impedance
inverter by assuming the actual coupling between the coupled transmission line
equal to zero. The circuit of this impedance inverter is very simple and suitable
for integration with the output capacitance compensation technique presented in
the first half of this chapter. Using this technique another improved demonstrator
is designed which makes use of the output capacitance compensation technique
along-with the improved power combiner. The simulations and measured results
are quite promising, showing 700MHz bandwidth at back-off power level and
800MHz bandwidth at full power level, which out-perform the current state-of-
the-art in the open literature. There are few wideband doherty power amplifiers
are reported in literature which obtain the fractional bandwidth of 35% [61] and
42% [62]. These amplifier use the conventional doherty power combiner (QWTL)
with degraded value of k, which results in high efficiency bandwidth of these am-
plifiers due to lower transformation ratio. However, this also moves the second
efficiency peaking at PBO levels less than 6dB, thereby, causing lower average effi-
ciency for modulated signals. This method is not very beneficial as the bandwidth
is increased at the expense of average efficiency of the power amplifier.



Chapter

Digital Pre-distortion Applied to
Multi-Path Power Amplifiers

6.1 Introduction

As mentioned earlier in this thesis, modern communication systems use sophis-
ticated digital modulation techniques (e.g., W-CDMA, OFDM) to increase their
data rate and channel capacity [48][63]. This is accomplished by encoding the
information in phase as well as amplitude of the RF carrier. Therefore, to obtain
low bit error rates and reliable transmission of the signals, it is necessary that the
transmitter does not introduce any amplitude or phase distortion in the output
signals [6][48][63],which would result in (de)modulation errors [64]. The quality of
the actual modulation is usually expressed in terms of the error vector magnitude
(EVM) as given by [63]

N
% Z |Sideal,r - Smeas,r|2
EVM = =1 : (6.1)

N
% Z |Sideal,r|2

r=1

where Sigeql,r and Speqs,r represent the ideal and measured symbols in the
symbol stream.
Additionally, all signals share the same communication media in wireless com-
munication, therefore, it is also important that the transmitted signals must be
confined to the allocated channel bandwidth only, and any out-of-channel emis-
sion is minimized in order to eliminate potential cross-channel interference [48].
The spectral emissions leaked into the frequency band of the adjacent channel(s)
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are considered to be very important, since they cannot be filtered out using con-
ventional techniques. A measure for these emissions, which we have used earlier
in this thesis, is the Adjacent Channel Power Leakage Ratio (ACPLR) which
is defined as the ratio of total signal power to the power, which is leaked into
the (next) adjacent channels (ACPLR1 and ACPLR2). Different communication
standards have different specification for their ACPLR1 and ACPLR2, e.g. 3G
W-CDMA (base-station) has an ACPLR1 and ACPLR2 specification of 45dBc
and 50dBc respectively [63][65].

Although the above mentioned performance parameters (EVM and ACPLR) seem
to be independent at first glance, in reality they are closely related since they
share the same physical origin, namely the non-linearities in the transmitters
chain. Note, that although the transmit path contains many non-linear com-
ponents (e.g.; mixers, pre-amplifiers, etc), usually the non-linearity of the final
transmitting PA stage dominates the signal quality, since it has to handle the
largest signal excursions in the transmitter chain [66].

The high peak-to-average power levels of these signals (e.g., WCDMA, OFDM)
result in not only very stringent linearity requirements for the transmitter, but
also result in efficiency degradation of the transmitter, which typically can only
provide its maximum efficiency at peak-output power[6]. This problem of re-
duced average efficiency is addressed by using more advanced high-efficiency PA
architectures (e.g., Doherty, EER, Outphasing), which utilize their active de-
vices as close as possible to saturated operation for a substantial part of the
envelope of the modulated signal [12][16]. It is not surprising that the active
device and consequently the overall amplifier will behave nonlinearly under these
conditions[6][12][16]. This will adversely affect the EVM, along-with an increase
in emission in the adjacent channels. To solve for this linearity degradation, over
time, various techniques have been introduced, e.g., feedback, feed-forward and
digital pre-distortion.

In this chapter we first give a brief overview of the non-linearities introduced by
PA devices and how they can affect the EVM and ACPLR of the transmitter.
Later in this chapter, a linearization technique known as mapping-based digital
pre-distortion, is discussed for improving the linearity of the PAs. Finally this
technique is applied to the mixed-mode outphasing amplifier of Chapter 3 in order
to improve its linearity performance.
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Figure 6.1: Non-linear PA with transfer function

6.2 Theory

It is important to understand the nature of non-linearities and their effects on
the modulated signals, in order to fully understand the pre-distortion techniques
presented later in this chapter. Therefore, the following paragraphs explain linear
and non-linear systems alongwith their impact on the functionality of the RF
power amplifiers.

6.2.1 Linear and Non-linear Systems

A system is considered to be linear if its output quantity is linearly proportional
to its input quantity [64], as shown by the dashed line in Figure 6.1. In com-
parison, a non-linear system will exhibit a nonlinear relation-ship between input
and output (e.g., a non-constant gain), for situations where the signal transfer
becomes dependent on the amplitude of the input signal (Figure 6.1). Devices in
power amplifiers can have either a quadratic (e.g FETs, LDMOS) or an exponen-
tial (e.g. BJT, GaAS and HBTSs) input-output relation [39] depending on their
physical nature, . However, when driving an active device closer to compression,
other (stronger) nonlinearities also appear, yielding a degradation of the signal
quality that becomes unacceptable for most communication standards [63]. At
the same time, it is well known that PA devices operate most efficiently when
operated at or close to their saturated conditions [6]. Consequently the linearity
of efficient power amplifiers is usually poor.
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The accurate modeling of the nonlinearities in PA devices is quite complex due to
the multiple (undesired) mixing operations that occur at input and output of the
active device [64]. Moreover, frequency selective (non)linear components in the
PA devices and their surrounding circuitry makes modeling even more complex
by introducing memory effects to the output signal. Although some techniques
like Volterra series [67] can describe the behavior of PA stages with memory to
some extent, the resulting expressions are usually too complex to be useful for
understanding the exact implications of these nonlinearities on the resulting out-
put signal with associated spectral re-growth.

Therefore, in order to support the understanding of the reader we will use a very
simple model without memory effects here to describe a nonlinear equation,

Sout = a1~Sin + a2'S7;2n + a3~S§’na (62)

where S;, and S,y are the input and output signals, respectively. Coeffi-
cient a; in (6.2) is the small-signal linear gain and ag and ag are the coefficients
that relate to 2" order and 3"% order nonlinearities, respectively. Although, only
nonlinearities up-to third-order are considered here (6.2), practical situations can
require a higher order to describe the dominant nonlinearities.
The input signals of RF power amplifiers are usually composed of sinusoidal sig-
nals constrained to a given frequency band. Therefore we will make use of a
two-tone signal as input signal to analyze the linearity of the PA devices in the
following text. A two-tone signal can be considered as a RF carrier modulated by
a sinusoid consequently, a two-tone signal can be represented mathematically as,

- 6—w) + Acos(we + a—w) (6.3)
2 2

whereas w,. in (6.3) is the frequency of the RF carrier and dw is the frequency
of the modulating baseband signal. The frequency spectrum of such a signal
consists of two tones centered around w,. and spaced dw apart.

The output signal of the nonlinear PA represented by (6.2) for a two-tone
signal can be calculated by substituting S;n, = Siwo—_tone and using some simple
trigonometric manipulations [6]. The two tones in the input signal undergo self
and cross-multiplication due to the quadratic and cubic nonlinearities, resulting
in the generation of a number of new frequency components centered around DC:
we 2w, and 3w, (see Figure 6.2). The components generated around 2w, and 3w,
are known as harmonic distortions, and are typically considered to be not very
critical, since they fall outside the frequency band of interest and can be easily
filtered out. In contrast the frequency components that appear close to carrier
frequency w, , namely (w. — 36w and w. + 3éw) cannot be filtered out easily.
These later components are known as intermodulation distortions (IMD) and are
the main cause of degradation of the ACPLR1 and ACPLR2 of the transmitter
under consideration.

Stwoftone = ACOS(WC
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Figure 6.2: Input and output spectrum of a two tone signal driving a nonlinear PA (in
this figure nonlinearities up-to third order has been assumed)
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a non-linear PA
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In addition to the generation of the harmonic and inter-modulation components,
nonlinearities also cause amplitude dependent gain of the fundamental compo-
nents of the signal. This gain compression / expansion is given by (6.4) for non-
linear PA devices that can be represented by a third-order Taylor series expansion
(6.4)

Sout(fund)
Si
The sign of ag in (6.2) is usually negative which results in gain compression

of the PA device as shown in Figure 6.4. This phenomenon is also revealed when
considering the output signal in the time domain. Figure 6.3 shows the demodu-
lated baseband output signal, which is distorted at higher amplitude levels. This
distortion is due to the gain compression of the PA, and is also known as AM-AM
distortion.

Moreover, as discussed previously, the presence of frequency selective components

(e.g., nonlinear output capacitance) in the PA in combination with nonlinear dis-

tortion can also cause an undesired modulation of the phase of the output signal,

which is known as AM-PM distortion. AM-PM signal conversion can also be
modeled by (6.4) if the constants a;..a3 are assumed to be complex numbers.

The AM-PM distortion of a non-linear PA modeled by (6.2) is shown in Figure

6.5.

In addition to the AM-PM conversion, other strong memory effects can also ap-

pear which can have a much more severe effect on the linearity of the amplifier [64].

An in-depth discussion of these strong memory effects, which can cause failure of

amplifier linearization schemes, is beyond the scope of this thesis. Therefore, in

the following text we only consider weak memory effects. Strong memory effects
are avoided / minimized in this work by utilizing proper bias decoupling, good
thermal grounding of the active devices as well as by the use of well-behaved

harmonic terminations over the frequency band of interest [6].

In short, in this work the combined effect of AM-AM and AM-PM distortions

dominate the amplifier linearity, causing a deformation of the information present

in the modulated output signal. Due to these phenomena, the input and output
constellation maps are no longer identical (Figure 6.6). Note that the cubic non-

linear model for the non-linearities of the PA is assumed in the Figure 6.6.

G = ZCL1—|-CL3S€3

wm:*

(6.4)
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Figure 6.7: Conceptual block diagram of a pre-distorter

6.2.2 Pre-distortion

Pre-distortion is a technique to increase the linearity of the total transmit chain.
In this concept a non-linear component (pre-distorter) precedes the power ampli-
fier and shapes the input signal such that after passing through the (non-linear)
power amplifier the output becomes a perfectly scaled linear replica of the origi-
nal input signal [64]. More specifically, if the PA causes gain compression of the
input signal at higher amplitudes, the pre-distorter should exhibit gain expansion
at those amplitudes. As a result, the combined effect of the PA and pre-distorter
should be a constant gain for all amplitudes (6.7). The overall transfer function
of the PA and pre-distorter can be written as (6.5)

Sout == fPA(fPD(Sin)) - Gszn (65)

The pre-distortion can be applied either directly to the input signal of the PA (ana-
log pre-distortion) [68] or to the baseband input signal (digital pre-distortion) [64].
Both techniques are effective in principle, but digital pre-distortion is becoming
more and more popular due to the increasing availability of low-cost high-speed
digital signal processors (DSPs) and analog-to-digital converters. Moreover, dig-
ital pre-distortion allows easy adaption of the correction algorithm to adopt for
drift in the nonlinear characteristics of the PA devices [64] (e.g., due to tempera-
ture changes, etc.).

Digital pre-distortion can be divided into two categories, namely: the model based
digital pre-distortion [69][70] and lookup table based digital pre-distortion [71]. In
the model based approach the nonlinearities of the power amplifier are described
by techniques like the Volterra series [67]. In this method the linearity is im-
proved by implementing the inverse function in the digital pre-distorter (DPD).
This method is effective, robust and also able to handle memory effects. However,
this approach requires more extensive computations alongwith careful character-
ization of the power amplifier in order to determine its parameters. In short, the
actual implementation of this method can be quite difficult and time consuming.
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The other category of digital pre-distortion is known as lookup table based digital
pre-distortion [45][71]. In these approaches the phase and gain errors are usually
stored in a lookup table and used to modify the input signal to improve for linear-
ity. These methods are mostly quite effective and very simple to implement and
yield rather competitive results. However, these methods do require larger digi-
tal memories and are therefore somewhat more expensive in their implementation.

Lookup-Table Based DPD

Different architectures of lookup-table (LUT) based digital pre-distorter have been
presented in literature e.g., polar gain [72] , complex gain [73] and mapping based
DPD [46]. The polar gain and complex gain based architectures use two 1-D
lookup tables, to store the correction parameters for the amplifier gain and phase
separately. These lookup tables are indexed with the input amplitude, after which
the appropriate phase and gain correction is added to the input signal. In prin-
ciple, these methods can be quite effective, but their input signal conditioning
may require rectangular-to-polar and polar-to-rectangle conversion, making them
computationally inefficient.

On the other hand constellation diagram mapping based pre-distortion algorithms
operate directly on the in-phase (I) and quadrature-phase (Q) components of in-
put signal using a two dimensional lookup table. Although this mapping based
digital pre-distortion algorithm uses % times more memory than needed by polar
or complex gain type digital pre-distortion algorithms, it typically proves to be
more computationally efficient [46]. In addition, when considering the operation
of Chireix amplifiers with two independent branch amplifier inputs, the differen-
tial phase between these input signals will control the output amplitude. However,
if the IQ modulators driving these branch inputs have phase and amplitude mis-
matches, these mismatches would directly appear as an amplitude error at the
output of the amplifier. Consequently, a careful calibration of the IQQ modulators
is typically needed in practical outphasing systems to achieve correct operation.
However, when the mapping based digital pre-distorter is used for pre-distortion
of the outphasing amplifier, this IQ calibration would be automatically incor-
porated in the 2-D lookup table [16]. This advantage, combined with the low
computational costs of this method, makes this algorithm a logical choice for the
Chireix amplifier demonstrators introduced in this thesis.

6.2.3 Mapping Digital Pre-distorters

The block diagram of a mapping based digital pre-distorter is shown in Figure
6.9. In this concept the input in-phase (I;,) and quadrature-phase (Q;,) signals
are added with the error correction signals I, and Qeorr (stored in a 2-D lookup
table) and up-converted by an IQ modulator, after which amplification follows by
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a non-linear amplifier. The output of the PA is coupled to an 1Q demodulator,
which down-converts the RF output signal to generate the complex output vector
(Sout = Iout +Qout) as a baseband signal. This complex output vector along-with
the complex input vector is then used to update the entries in the lookup table
iteratively by using (6.6). At the very start, all the entries in the lookup table
have a zero value, whereas, all the entries are updated after each iteration while
operating. Once the entries in the lookup table converge, the adaption can be
either stopped or slowed down in order to handle slow variations in the operating
conditions of the amplifier,

Leorr = Teorr + O4(101475 - Iin)v (66)
Qcorr = Qcorr + a(Qout - an) (67)

In (6.6), o determines the convergence speed and the minimum final error
in the modulation or linearity. A high value of « results in better speed and
convergence but the final achievable modulation error can be higher. Note that
the index to the 2-D lookup table is derived directly from I;, and @;,, and once
the DPD is trained only a summation operation is needed to correct for the
nonlinearity. Therefore, this method is considered to be more computationally
efficient.
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Figure 6.10: Block diagram of the memoryless closed-loop DPD

6.3 Pre-Distortion of Mixed-mode Outphasing Amplifier

The mixed-mode out-phasing amplifier as introduced in Chapter 3 contains two
phase and amplitude modulated signals [16], which are optimized to maximize
the efficiency of the amplifier. However, this optimization adversely affects the
linearity of the amplifier and therefore the mixed-mode PA exhibits a relatively
large amount of AM-AM and AM-PM distortion. This fact is also reflected by
the measured gain and W-CDMA 3G response (see Figure 6.11 and Figure 6.13).
The ACPLR1 and ACPLR2 for the W-CDMA signal is close to -30dBC and -
35dBC respectively, which does not comply with the linearity specifications of
the W-CDMA 3G communication standard. Therefore, mapping-based digital
pre-distortion at the input is used to increase its linearity. Moreover, in order to
simplify the pre-distortion algorithm, the mixed-mode PA along-with its IQ mix-
ers and input signal splitter (implemented in software) is treated as a single-input,
single-output baseband amplifier where its linearity is improved by matching the
input and output constellation maps as closely as possible. Doing so, not only the
non-linearities of the PA devices are corrected, but also the modulation errors due
to the non-idealities of the IQ modulators and the signal path and phase unbal-
ances of the branch amplifiers are eliminated. This property makes the calibration
of the measurement setup simple and robust.

The block diagram of the pre-distorter along-with the mixed-mode out-phasing
PA is shown in Figure 6.10. The input baseband signal (S;, = I;n + jQin) is
summed with the correction signal Scorr = Icorr + JQeorr (generated from the
2-dimensional lookup table by using I, and Q;, as an index). The resulting
pre-distorted signal is then passed through the input signal splitter, which gener-
ates the complex signals for the individual IQ modulators. These IQ modulators
convert the base-band complex signals to the phase and amplitude modulated
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Figure 6.11: Measured transducer power gain of the mized mode amplifier and out-
phasing amplifier as a function of output power

RF signals used to drive the branch amplifiers. At the output of the mixed-
mode amplifier the signal is also coupled to a down-converting mixer to generate
a low IF replica. This low IF signal is then sampled by a high speed analog to
digital converter which yields the baseband replica (I,u: + jQout) in the digital
domain. This output signal along-with the original input signal is then used by
the pre-distortion algorithm to update the entries in the lookup table using (6.6).
This pre-distortion algorithm is verified in a simulation environment using Matlab
along with models that describe the complete measurement setup and the mixed-
mode out-phasing amplifier. The simulation results are plotted in the Figure 6.12
and show a significant reduction of the inter-modulation sidebands in the output
signal. With the pre-distortion algorithm verified, the algorithm was applied to
the actual hardware, where it also proved to be successful yielding the results
given in the Figure 6.13.
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6.4 Conclusions

The mapping based algorithm proves to be very effective for mixed-mode out-
phasing amplifiers [16], increasing linearity by almost 20dBc. Its main advantage
lies in its simplicity, ease of implementation and being able to handle multi-path
signals successfully. Moreover, another important benefit of the mapping based
algorithm is the relaxation of the requirements of pre-calibration of the IQ mixers
(in the transmit path) used to generate amplitude and phase-controlled signals.
It has been observed that the LO leakage and phase-calibration of the I1Q mix-
ers is automatically corrected by the pre-distorter, making it an ideal choice for
mixed-mode, multi-path power amplifiers.



Chapter

Electronically-Tunable Phase
Shifters for MIMO Systems

7.1 Introduction

Low cost, low loss tunable phase shifters that do not degrade the signal quality
can act as an enabler of future MIMO (multiple-input multiple-output) communi-
cation and radar systems. An example of such a MIMO system is the phase-array
antenna [74][75] (Figure 7.1), which consists of a number of antenna elements,
each with individual phase control of its input/output signal. By controlling
these phases, it is possible to steer the beam of the antenna without any me-
chanical movement. Such a feature not only allows the removal of mechanical
rotation elements, but also provides a number of different advantages in terms
of versatility, such as higher antenna gains and fast tracking of objects. So far,
phased-array antennas are mostly being used only in military and space applica-
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Figure 7.1: Block diagram of a phased-array antenna
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Figure 7.3: a) All-phase network based phase-shifter. b) Capacitively loaded transmis-
ston line (TL) type phase-shifter

tions due to their high implementation costs, however, recently these concepts are
also proposed for use in mobile communication applications in order to increase
link budget and therefore the transmission efficiency [76][77].

One such application of tunable phase shifters is in diversity transmitters / re-
ceivers (see Figure 7.2). In these systems, the communication signal is transmitted
and received using more than one antenna. By controlling the phase relations be-
tween signal paths in combination with signal processing, multi-path fading can
be reduced [78].

All the above-mentioned applications rely on the precise control of delay / phase
relations between the multiple transmit or receive signals. Consequently, a phase-
shifter with a large control range that behaves as a true time delay within the
bandwidth of interest is desired in such applications. The position of the phase
shifter in the transmitter and/or receiver chain also imposes some additional re-
quirements in terms of insertion loss and linearity. On top of this, if the phase
shifter has to be used in a handset receiver or a phased-array radar with many an-
tenna elements, the DC power consumption and physical size of the phase shifter
also becomes important.

Electronically-tunable phase shifters can be implemented either as an all-pass
network [79][80](Figure 7.3a ), as a tunable lumped transmission line, or as a
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capacitively-loaded transmission line [81][30] (see Figure 7.3b). The all-pass net-
work implementations are quite compact and their phase control range can be
high, however, their phase response is not linear with frequency. As a conse-
quence they are less suited for applications which require a constant (controllable)
delay over a large bandwidth [79]. The tunable lumped transmission lines and
capacitively-loaded transmission lines on the other hand can be designed to pro-
vide a linear phase response over a wide bandwidth and therefore are known as
true-time delay phase-shifters, which form the focus of this chapter.

In addition to the circuit topology, the choice of the tuning element also affects
the linearity, size and DC power consumption of the tunable phase shifter. Most
of the high-linearity phase shifters presented in the literature are based on PIN
diodes or MEMS (Micro Electro-Mechanical Systems) varactors. PIN diode-based
phase shifters can be low loss and highly linear, but they consume a significant
amount of DC power [82][83] if they are designed to be low loss and highly linear.
Due to their device nature the phase control they offer is mostly discrete. MEMS
phase shifters, on the other hand, dissipate virtually no DC power and are both
linear and low-loss [84]. The difficulties with MEMS based varactors are their
moderate linearity for narrow tone spacing, the non-standard processing tech-
niques required to fabricate them and the need for relatively expensive hermetic
packaging. Moreover, due to the low capacitance density of MEMS varactors the
area occupied by these devices is quite large, resulting in very large phase shifter
implementations at low frequencies.

Another option for the tunable element(s) in a phase shifter is the use of semi-
conductor devices, e.g., the depletion capacitance of a MOS device or varactor
diodes [39]. Such phase-shifters are compact, highly integrated, easy to tune and
require almost no DC power. However, phase-shifters implemented with these
elements have usually high insertion loss and poor linearity. Therefore, typically
the performance of semiconductor-based phase shifters is often considered to be
inadequate for the high demands of MIMO applications. However, if use is made
of high-Q varactors in a silicon-on-glass (SOG) technology [85], combined with
precise doping profile engineering and dedicated circuit techniques, varactor based
phase shifters can provide both low-loss, and high linearity performance [86][87].
This chapter discusses the use of varicap diodes in true-time delay phase shifters,
which are compact, low-loss and highly linear. To support the design of these
components, the selection of the number of tunable segments and the charac-
teristic impedance of true time delay phase shifters is discussed. The latter is
important to optimize insertion loss, return loss of the phase shifter as well its
linearity.

The ideas presented in this chapter are verified by designing a prototype phase-
shifters using DIMES SOG (silicon-on-glass) technology.
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7.2 Theory

A transmission line as phase shifter will provide a constant delay at all frequencies.
This delay depends on the propagation velocity (v,) of the transmission line [52],
which is the function of the inductance and capacitance per unit length of the

transmission line
1

vy = 7.1
v = o (7.1)
where L; and C; in (7.1) is the inductance per unit length and the capacitance
per unit of the transmission line, respectively.
The delay incurred by an ideal transmission line having a length (1) is given by

delay = vy.1. (7.2)

Equation (7.2) indicates that it is possible to make a true-time tunable delay
phase-shifter if the propagation velocity of the transmission line can be varied,
e.g., by varying C;, L; or both [30][81]. However, in practice, it is quite diffi-
cult to vary these parameters since it involves changing physical properties [52].
Therefore, in more practical implementations of a transmission line based phase-
shifter, a particular length of the transmission line is approximated by lumped
inductors and tunable capacitors, and the phase velocity and associated delay can
be changed by tuning the capacitors. The performance of such a phase-shifter de-
pends on the ability of the lumped equivalent to approximate the behavior of a
real transmission line over the desired bandwidth. This ability depends on several
factors which are discussed in the following sections.
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7.21 Lumped Equivalent Model of a Transmission Line

There are a number of choices for the lumped equivalent circuit of transmission
line, e.g. II network with capacitor / inductor as shunt elements (Figure 7.4a and
7.4c), T network with capacitor / inductor as shunt element (Figure 7.4b and
7.4d). The lumped models of the Figure 7.4c and Figure 7.4d results in a phase
response which is opposite to that of traditional transmission lines, therefore the
use of these models is avoided for making tunable phase-shifters.

The lumped equivalent models of Figure 7.4a and Figure 7.4b have similar phase
/ delay characteristics and are compatible with traditional transmission lines.
But the lumped model represented by Figure 7.4b results in a larger value of
inductance required per unit electrical length of the represented transmission line.
Hence the lumped model of Figure 7.4a is selected to make the electronically
tunable phase-shifters.

The ABCD matrix for the elements of a single IT segment (as shown in the Figure
7.4a) is normalized to the characteristic impedance Z, of the transmission line
(modeled by the circuit of the Figure 7.4a is given by

A B| |1 0] |1 75X 1 0 (7.3)
C D|  |jYo 1] |0 1 1Yo 1 ’
1_YCXL ]XL (74)
JYe(2-YeXy) 1-YeXr|’ '

whereas Yo and X, represents the normalized susceptance and reactance of the
lumped capacitor and inductor respectively.

Yo =wCZ, (7.5)
wL
X = 7 (7.6)

From the ABCD parameters, the So; and S7; of the lumped equivalent structure
can be calculated by using

2

Sop=——+——— 7.7
T AYB+CH+D (7.7)
and A+B-C+D
which yields the following equations for Ss; and Si;
1 = 2 (7.9)
T = X Yo) + (XL +2Ye — Y2X.) '
Y2X, —2Yc - X
/8oy = tan~H(ZCL —22C T 2Ly (7.10)

2(1-YeXy)
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Figure 7.5: Tuning range of a single segmented lumped-TL based phase-shifter

The equations (7.9 and (7.10) can be solved for So; = 1 and S1; = 0 for a
single frequency f,, which results in the following relation between X and Y¢ of
the lumped equivalent network:

2,
X o _£7C0

= 7.11
=i (711)

whereas X1, o and Yc o are respectively the inductive reactance and capacitive
susceptance at the center frequency f,.

Equation (7.10) shows that the phase of the structure can be varied by chang-
ing X (the inductor), Yo (the capacitor), or both. At first glance, varying both
X1, and Yo appears to be very attractive as it would always give zero reflection,
however, this solution has some serious complications when aiming for practical
implementations [88]. Namely, real tunable inductors are not available within
conventional process technologies, although, tunable inductors are often approxi-
mated by a combination of a fixed inductor with a shunt varactor. Unfortunately,
the related Q of the resulting tunable inductor drops quickly with the tuning
range. Moreover, such a tunable inductor can only act as an inductor over a very
narrow frequency band. Consequently, varying both inductance and capacitance
in the ladder network is not beneficial in practical situations, since the increased
losses and limited bandwidth quickly overwhelm the potential improvements that
can be obtained by using tunable inductors. Therefore, from here on, the delay
of the lumped equivalent transmission line is only varied by the value of the ca-
pacitor.

If ‘r’is assumed to be the tuning ratio of the capacitor, we can write (Yo = z.Ye o)
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Figure 7.6: Reflection loss of a single segmented lumped-TL based-phase-shifter

with z varying from # to 4/r. This results in variation in the phase of the struc-

ture and is shown in Figure 7.5. Note that the variation of Y& does not only
changes the delay of the phase-shifter structure but also makes the relation (7.11)
invalid, resulting in non-zero reflection loss as the varactor is tuned for changing
the delay of the phase-shifter. Figure 7.6 shows the reflection loss of the structure
for different values of tuning range ‘r’and normalized inductive reactance X, o. It
can be seen from these plots that the combinations of ‘r’and Xy, o which provide
very high tuning range also incur very high reflection loss. Therefore the choice
of such values is not beneficial in practical implementations.

Another interesting effect that can be seen from the Figure 7.6 is the dip in re-
flection loss for values of X1, o between 0.8 and 0.9. This can be explained with
the help of the equation (7.11); Yo o have two solutions for every value of X7, .

For the above mentioned range of X, o these two solutions fall between Yj;jo and

Yec.0.4/r. Consequently the structure of the Figure 7.4a is tuned at two points
within the tuning range of Y. In principle, such choice of Xy ¢ would result
in a phase-shifter with very high tuning range and very low maximum reflection
loss, but it would be avoided due to other reasons, e.g., the phase-linearity and
bandwidth of the phase-shifter.

Moreover, in practical situations, a number of such segments are used in cascade
configuration (Figure 7.7) in order to realize wide-tuning range phase-shifters.
The performance of such multi-segmented phase-shifters also depends on the
choice of number of segments (N) alongwith the value of X chosen for each
segment, an approach that we will analyze in detail in the following sections.
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Figure 7.7: The lumped equivalent circuit of a transmission having N segments

7.2.2 Optimum Segmentation of a True-Time-Delay Phase-Shifter

The previous sections presented the electrical characteristics of a single segment
varactor-loaded transmission line type phase-shifter. It was shown that a single
segmented phase-shifter can provide a phase tuning range as high as 180°. How-
ever, it requires varactors with very high tuning range (r > 16) for that phase
control range. Although there are some varactor technologies (e.g., MEMS) which
can provide such a high tuning range, use of MEMS technologies requires the use
of non-standard processing techniques and hermetic packages, which increases the
costs. Moreover, it will be shown later in this chapter, that a single segmented
phase shifter will be limited in its bandwidth and will exhibit a non-linear phase
versus frequency response.

Therefore in most practical implementations of loaded transmission line based
phase-shifters, a large number of segments are used. Unfortunately, the use of a
large number of segments not only increases the chip area of the phase-shifter,
but also increases its losses. In order to help the designer selecting the optimum
number of segments for a given application, this section quantifies how the num-
ber of phase-shifter segments impacts the different performance parameters such
as reflection loss, bandwidth, phase linearity and chip area.

The circuit diagram of a multi-segmented varactor loaded transmission phase-
shifter containing N segments is shown in the Figure 7.7. The scattering matrix
of the complete structure can be found by multiplying the transmission matrix
of all individual segments and converting the result back to an s-parameters rep-
resentation. This procedure can be quite cumbersome and may result in very
complicated equations. Alternatively, if we assume that the number of lossless
reciprocal segments always increases by a factor of two (e.g., 1,2,4,8,16,32 and so
on), a very simple equation (7.12) for the s-parameters of the cascaded segment
phase-shifter can be obtained [30], which can be recursively applied to obtain the
s-parameters of the full structure

2 2 2
521, . (511,0 -1- 321,0)311.,0
$2Le = T 2 »51le = 5 1 . (7.12)
— 5110 11,0 —

Note that the phase-tuning range of the complete phase-shifter is fixed to 90°
in the following sections, in order to study how the number of segments influences
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Figure 7.8: Normalized inductive reactance ( % ) versus capacitance tuning ratio, for
a phase shifter with a 90° phase control range using different numbers of line segments

the various parameters (e.g., area, bandwidth, loss) .

7.2.3 Chip Area Optimization

In order to study the potential area reduction of the true-time-delay phase-shifter
implementations, we plot (Figure 7.8) the total normalized reactance needed to
realize a 90° phase control range when using different numbers of line segments.
To do this, we calculate the of value of Y that yields S3; = 1 for a given X.
Next , Yo is varied from Y—\/C; to \/7.Yc (with r being the tuning range; r = £74),
The resulting phase control range sets the number of segments needed for a 90°
tuning range (see Figure 7.8).

From this plot, we observe that the total inductance needed for 90° phase control
decreases with increasing tuning range. When only a small capacitance tuning
range is feasible, a 90° tuning range cannot be met using just a few segments (e.g.,
two segments can only provide a 90° control range with a capacitance tuning ratio
higher than three). Moreover, the total inductance required increases when finer
segmentation is used. From an area perspective, a single segment phase-shifter
appears to be the best choice, when feasible. In practical implementations, how-
ever, the varactor tuning range will be limited and other parameters like reflection
loss, bandwidth, phase and amplitude linearity will be equally important. For this
reason, we will analyze these performance parameters as well.
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Figure 7.9: Mazimum insertion loss (S21(dB)) for the 90° phase shifters as function
of capacitance tuning range and line segmentation.

7.2.4 Phase-Shifter Insertion Loss

Another important property of the phase-shifter is its maximum insertion loss
(ILmaz) and the difference between its maximum and minimum insertion loss
AIL. The latter is important for the amplitude matching of different paths in a
MIMO system. Note that in a phase-shifter composed out of lossless segments
the insertion loss results entirely from the reflection loss. Therefore, these two
terms can be used interchangeably for lossless phase-shifters. As discussed already,
a capacitivly loaded phase-shifter will show its minimum insertion loss/reflection
loss (which is zero in the case of a lossless line segments) where the relation(X L =
123;%) holds. When properly designed this point of minimum loss occurs at the
middle of the tunable range of the varactor. The maximum insertion loss, on the
other hand, occurs at the edges of the tuning range of capacitor and is given

ILma:r = min(SZI(YCmam)aSZI(YCmin))v (713)
whereas AIL is defined as

AIL = max(Sa1) — min(Sa1)). (7.14)

The above relation indicates that AIL is equal to IL,,,, for a phase-shifter
composed out-of lossless line segments. Equation (7.13) along-with (7.12) can be
used to calculated the IL,,,, of a phase-shifter made with cascaded Il-sections.
The results are plotted in Figure 7.9 for a 90° tuning range phase-shifter. It can
be concluded from Figure 7.10 that the use of high number of sections can provide
the lowest insertion loss. However, the reflections from the individual segments
result in a higher total loss than single or two-segment phase shifter when using
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Figure 7.10: Delay and insertion loss of Phase shifters with 90° phase control as
function of frequency with different line segmentations

high tuning ratio varactors. It is therefore necessary that the number of the seg-
ments should be kept sufficiently high (i.e., N > 4 per 90° tuning range). Another
interesting observation, which can be made from Figure 7.9 is, that by increasing
the number of segments to more than 4 for low tuning range varactors (r < 3)
does not provide any significant benefit in terms of the insertion loss of the phase
shifter.

7.2.5 Frequency Response & Phase Linearity

The number of transmission line segments has a strong influence on the phase
linearity versus frequency. Figure 7.10 shows the group delay variations as a
function of frequency for phase shifters using different line segmentations. When
the number of segments becomes high, the phase shifter approximates the delay of
an ideal transmission line. From Figure 7.10, we conclude that although the single
segment phase shifter provides the smallest form-factor, it is the most narrowband
implementation in terms of delay and insertion loss compared to phase shifters
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with finer segmentation.

7.2.6 Impedance of the True-Time Delay Phase-Shifter

The choice of the characteristic impedance of the transmission line based phase-
shifter has a strong effect on the inductance (and hence the area) required by the
phase-shifter. Equation (7.6) show that the inductance required by the phase-
shifter is inversely proportional to the characteristic impedance of the phase-
shifter. Therefore, if a phase-shifter can be designed using a lower characteris-
tic impedance, the required chip area can be greatly reduced. Moreover, if the
variable capacitance in the phase-shifters are implemented using reverse-biased
diodes, the low impedance of the phase-shifter can help improve the linearity
of the phase-shifter, as the RF voltage swing for a given power level along the
phase-shifter is lower, resulting in better linearity performance.

7.2.7 Differential versus Single-ended Design

Additional chip area savings can be achieved using a differential topology for
the phase shifter implementation. The phase of Sy; for a single segment of this
structure is given by (7.15). Note that this result is equivalent to that of the
single-ended phase shifter when, in (7.10), X, is replaced by 2.Xp and Y¢ is
replaced by YTD This implies that a differential phase shifter needs only half the
inductance between the capacitors for the same phase tuning range compared to
a single ended implementation.

0.5Y£2,XD —-Yp —2Xp
2(1— XpYp)

4S21diff = tanfl( ) (715)
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Figure 7.11: Distortion free varactor stacks (DFVS), a) Anti-series configuration elim-
inating third order distortion for n = 0.5, b) Anti-series , Anti-parallel configuration
suppressing third order distortion for n > 0.5

7.3 High Linearity Low-Loss Varactors

The phase-shifters presented in this chapter use the depletion capacitance of
diodes as tuning elements. A reverse-biased diode acts as a voltage-controlled
variable capacitor with its capacitance given the following relation

K

C(V) = m7

(7.16)
whereas 1) is the built-in potential of the diode, V is the applied voltage, n is the
power law exponent of the diode capacitance, and K is the capacitance constant.
The power law exponent exhibits a wide variation in different situations, from a
value of n ~ 0.4 for an implanted junction to n ~ 0.5 for an uniformly-doped
junction, to n & 1.5 for an hyper-abrupt junction. Equation (7.16) shows that
the capacitance of the reverse-biased diode exhibits a strong non-linear behavior
which can be approximated by the following Taylor series for an incremental volt-
age v [86].

C(v) =C,+Civ+ Co0? + ..., (7.17)

where the C; term in (7.16) gives rise to second-order distortion and Cs term in
(7.16) gives rise to the third-order distortion. Fortunately, circuit design tech-
niques can help to minimize these distortion prodcuts. It is shown in [86][55] that
these distortion products can be minimized by using two varactor diodes (having
the same size) in anti-series configuration (see Figure 7.11) with n = 0.5. An-
other low distortion topology which is employed for n > 0.5 uses four diodes in
anti-series and anti-parallel configuration[86]. Selection of the active areas of the
diodes in this configuration with respect to the value of n cancels the third-order
distortion products to a great extent.
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Figure 7.12: Measured quality factor (Q) of the distortion-free varactor stacks developed
in DIMES(fmeas = 2.0GHz)

Along-with their linearity, the @ of these varactors is also very important. There-
fore, in order to fulfil the requirements of high performance RF adaptive circuits,
a dedicated silicon-on glass varactor technology was developed at the Delft Uni-
versity of Technology. This technology provides a low-loss substrate. Patterning
of both the front and back sides of the wafer enables the intrinsic varactor to be
directly contacted by thick metal on both sides. This eliminates the need for a
buried layer of finger structures, as would be the case in the conventional inte-
grated varactor implementations. This technique results in quality factors greater
than 100.

In short, the combination of novel design techniques (anti-series configuration)
and advanced processing techniques (DIMES SOG) results in a very linear as well
as very low-loss tunable capacitor which proves to be vital components in the re-
alization of TL phase-shifters. Figure 7.12 shows the measured quality factors of
these components versus reverse bias for different values of the zero-bias depletion
capacitance Figure 7.13 shows the measured linearity for such a varactor stack.

7.4 Prototype High Linearity Low-Loss Phase-Shifter

A very low-loss phase-shifter [30] was designed using the DFVS (presented in the
previous sections). The usable tuning range of the varactors is 2.5, which gives
the optimum number of segments for a 90° phase control to be between 4-5 (see
also Figure 7.8) for optimum performance. Moreover, the impedance of the phase-
shifter was chosen to be equal to 129 and a differential topology was utilized in
order to maximize the phase tuning range / area ratio. The targeted application
for this phase-shifter type is phase-diversity transmitters / receivers, but for this
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Figure 7.15: Micro photograph of the implemented low-loss differential phase-shifter
based on low distortion silicon-on-glass varactor configurations

particular demonstrator the tuning range has been limited. Higher tuning ranges
can be obtained by cascading multiples of such phase-shifter sections.

The schematic of the phase-shifter is presented in the Figure 7.14. The re-
quired series inductance value is low due to the use of the low characteristic
impedance and differential structure. This facilitates us to use of thick straight
copper lines to implement the inductors (0.5nH per segment). Note that this
choice enables a very compact and simple integration and also results in a higher
Q factor (>50) than is normally achieved with a spiral inductors. The micro-
photograph of the implemented phase-shifter is shown in Figure 7.15, with it
measured s-parameter given in Figure 7.16. Note the very low loss of 0.3dB at
1.0GHz indicating a 0.6dB per 90° loss performance. The linearity of the phase
shifter was measured with the load-pull system of TuDelft [89] . The linearity
results are shown in Figure 7.17 showing an IM3 less than 56dBc at Pout=19
dBm, which corresponds to an TIP3 better than 47 dBm.
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7.5 Conclusions

This chapter gives directions for the optimal design of compact true-time-delay
phase shifters. Proper selection of the impedance level and use of differential op-
eration proved to be effective measures to reduce the chip area required.

The use of the anti-series diode topology in combination with an ultra low-loss
silicon-on-glass technology, high bandwidth and a compact area-optimized phase-
shifter has been realized, which exhibit an unprecedented linearity of IP3 >
45dBm making this phase shifter concept applicable to various demanding ap-
plications.



Chapter

Conclusions and Recommendations

8.1 RF Power Amplifiers

In this thesis we have explored different multi-path RF Power Amplifier architec-
tures for efficient and linear amplification of the modern base-station communi-
cation signals. Based on the discussions and results in the previous chapters we
draw the following conclusions.

8.1.1 Conventional Outphasing Amplifiers

Outphasing is an interesting concept for basestation transmitters as it can com-
bine high average efficiency and linearity [10]. In its original concept, the linearity
of the output signal does not depend on the linearity of the branch amplifiers,
thereby enabling linear amplification using non-linear active devices. Due to this
property, this technique is also known as LINC (linear amplification using non-
linear components). Although linear, the average efficiency of a traditional LINC
outphasing amplifier is limited. By using the outphasing principle together with
a Chireix power combiner, load modulation of the active devices in the branch
amplifiers is achieved, yielding an improved average efficiency. This comes at
the cost of a somewhat degraded linearity due to the non-isolating Chireix power
combiner. Another property of outphasing is its capability to provide a relatively
large high-efficiency wideband operation, since is no impedance inversion is re-
quired for its basic operation (as compared to the Doherty technique).

In spite of the above mentioned advantages, the application of outphasing in
base-station transmitters is still very limited. The main reason for this is that
it relies on the use of very high load modulation offered to the PA devices in
the branch amplifiers. This makes the amplifier’s performance sensitive to non-
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idealities. For example, in order to efficiently amplify 3G WCDMA signals, the
PA devices in an outphasing transmitter need to operate efficiently at load modu-
lation ratios as high as a factor 8. The most commonly used devices of today (e.g.
LDMOS), can only operate efficiently at load modulation ratios up to a factor
3, after which their performance starts to degrade. Consequently, the expected
efficiency improvement when introducing outphasing is in practice overwhelmed
by the related internal losses of practical PA devices when operating them at
such a high load modulation ratio. Other high-efficiency power amplifier concepts
like 2-Way and 3-Way Doherty amplifiers do not operate their devices beyond a
load modulation of 3 for a similar efficiency versus power back-off characteristic.
Although some advanced GaN devices can operate reasonably well at these high
load modulation conditions, their performance drop is still quite significant.
Moreover, even with ideal transistor devices, the conventional outphasing concept
is not suitable for 4G signals, which can have peak-to-average power ratios beyond
12dB. This is due to the rapid efficiency drop after the high efficiency back-off
point and the dip in the efficiency characteristics between the two high efficiency
points.

Another limitation of the outphasing concept comes from the input signal splitter.
Outphasing uses a rather complex input signal splitter, which converts the ampli-
tude modulation of the input signal into phase modulation. During this process
some trigonometric operations are applied, which severely expands the modula-
tion bandwidth of the input signals for the branch amplifiers. This modulation
bandwidth expansion not only limits the maximum modulation bandwidth of the
outphasing transmitter, but also introduces memory effects which complicates the
pre-distortion of the outphasing PA. Moreover, the input signal splitter cannot
be implemented with passives only, and additional digital or analog components
are needed for its implementation, thereby increasing the complexity and cost of
the outphasing transmitter.

In short, conventional outphasing transmitters provide only a moderate efficiency,
high complexity, and are very sensitive to the losses of the PA devices. However,
their basic concept does promise good linearity with improved efficiency, along-
with the potential of being wideband. These are important advantages which
cannot be neglected, and have justified new research to overcome these drawbacks.

8.1.2 The Mixed-Mode Outphasing Concept

In this thesis an improved version of the outphasing amplifier is presented which
is named as mixed-mode outphasing amplifier (Chapter 3). It used outphasing at
higher power levels, while at lower power levels it operates in class-B mode. This
switchover to class-B operation has a number of advantages which are listed in
the following text.

The efficiency at deep back-off power levels is increased, as the very steep
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roll-off of efficiency versus outphasing beyond the 2"¢ high efficiency point is
now replaced with the much lower efficiency roll-off of a class-B amplifier. This
modification results in an increase in the average efficiency of 10% to 15% for 3G-
WCDMA signals. Another benefit is that the load modulation of the PA devices
is limited, as beyond the transition from outphasing to class- B the loading con-
ditions of the devices in the branch amplifiers remain constant. Due to this lower
load modulation, the performance of the mixed-mode outphasing transmitter is
now less dependent on the non-idealities of the devices. Additionally, the band-
width expansion of the PA devices is drastically limited and the power gain of the
outphasing transmitter is also improved. The idea of mixed-mode outphasing was
verified by the design of a prototype transmitter which indeed showed 10% to 15%
efficiency improvement for WCDMA 3G signals over the conventional outphasing
transmitter [16]. However, the benefits mentioned above come at the price of a
slight increase in the complexity of the input power splitter and the loss of the
LINC operation. But in general, the proposed mixed-mode outphasing amplifier
with improved input signal conditioning shows superior performance over conven-
tional outphasing transmitters.

8.1.3 The Adaptive Outphasing Concept

The efficiency of the out-phasing system can be further increased if the mixed-
mode signal splitting techniques are combined with an adaptive matching network
as power combiner (Chapter 4). The classical outphasing transmitter shows low
efficiency at the mid back-off levels especially if the compensation power levels
are chosen at more than 10dB back-off from full power (which is usually required
for modern communication signals). By using adaptive susceptance compensa-
tion it is possible to improve the efficiency at mid back-off levels and obtain flat
efficiency versus output power in the back-off characteristics. However, the losses
of the adaptive matching network along-with the losses of the PA device can
quickly overwhelm the potential improvements. This effect was also visible in the
prototype circuit presented in Chapter 4, where the losses of the diodes limited
the achieved average efficiency for a CDMA 1S95 signal to 50%. However, when
using a low-loss technology for the tunable matching network this technique has
potential of providing a higher average efficiency than mixed-mode outphasing or
Doherty operation, while the adaptive susceptance compensation enables multi-
band multi-mode operation.

8.1.4 The Current state-of-the-art in Outphasing

The performance of recent state-of-art outphasing amplifiers is summarized in the
table 8.1.
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WCDMA Pout Ndrain NPAE ACLR1,2 Ref
Test Signal | (W) (dBC)
PAR=7.5dB | 6.5 | 422% | —% | -35.9, -34.4 [90]
PAR=7.5dB 19 65.1% —% -47,-54 [91]
PAR=9.6dB 19 54.5% —% -47,-52 [91]
PAR=9.6dB | 90 | 50.5% | 49.5% -47,-52 This Work

Table 8.1: Comparision of state of the art outphasing transmitters

Note that the realized mixed-mode 90W outphasing amplifier provides signif-

icant efficiency improvements over earlier outphasing implementations, with an
outstanding average PAE 1,4 of 49.5% for a 9.6dB PAR WCDMA signal.
One can observe from the table that the very recently published advanced com-
pact 20 W outphasing amplifier [91], which makes use of a dedicated high-voltage
CMOS driver IC, provides a very high average drain efficiency (see table). How-
ever, since this latter amplifier uses pure switching for its outphasing operation,
it compromises a bit on its gain in power back-off operation. This fact reduces to
some extent the (still very good) line up efficiency to 52% for a 7.5 PAR WCDMA
signal, a performance number that appears to be in the same range to what can
be reached with the mixed-mode demonstrator developed in this work. The work
of [91], however, preserves pure outphasing operation, a fact that might have some
impact on future basestation implementations, as we will discuss in our recom-
mendations for future research.

8.1.5 Wide-band Doherty Power Amplifier

Doherty amplification is another technique for improving the efficiency of the RF
Power Amplifiers that operate with complex modulated signals. Its high effi-
ciency, low load-modulation ratio and low complexity makes it a very popular
choice amongst basestation transmitter manufacturers. However, the needs of
basestation manufacturers are now shifting towards larger bandwidths alongwith
higher efficiency for future 4G transmitters. Unfortunately, traditional Doherty
amplifiers are inherently narrowband due to the quarter wave transmission line
(QWTL) used in the output power combining network, which provides only per-
fect impedance inversion at one frequency. Currently, the typical efficiency band-
width of Doherty PAs is limited to 10% to 15% [12]. Although the common belief
is that the QWTL is the main cause of this bandwidth restriction, the analysis
done in Chapter 5 indicates that the bandwidth of the DPA should be around 30%
if only the frequency dependence of the QWTL is considered. The root cause of
the very narrow RF bandwidth in practical implementations is found in the large
output capacitance of the PA devices. Therefore, as a first step in improving the
bandwidth of the DPA, a DPA circuit was designed in which the output capac-
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itances of the PA devices were absorbed in the QWTL forming a quasi-lumped
QWTL. The prototype demonstrated an efficiency bandwidth of 25%. The band-
width restriction beyond that value (25%) is entirely due to the QWTL forming
the impedance inverter. Therefore, effort was made to also improve the band-
width of the impedance inverter as a next step. There exist network structures
which can provide a relatively wideband impedance inversion behavior. There-
fore, another prototype circuit was designed using one of these novel wideband
impedance inverters along-with an output capacitance compensation technique.
The simulation results of this prototype are very promising, showing 40% effi-
ciency bandwidth. This DPA high-efficiency bandwidth can further be increased
to around 90% by using another novel wideband impedance inverter which utilizes
a coupled-line structure. The practical implementation of these structure how-
ever, poses some serious realization problems, therefore further research is needed
in this area.

8.1.6 High Linearity Phase-Shifters

Phase-shifters are basic building blocks for phased-array antennas, which cur-
rently have wide application in military systems, and hold future promises for the
civil sector as well in terms of increased data throughput and improved link bud-
get. Since phase-shifters are part of the RF front-end, their losses as well as their
linearity are very important. Moreover, the requirement of a large bandwidth
also imposes constraints in terms of phase linearity over the frequency range of
interest.

There are various ways to design a phase-shifter. Some examples are, all-pass
networks [80] or loaded TL type networks [30]. The all-pass networks tend to
be narrowband and have a non-linear phase versus frequency response. For this
reason the loaded TL type phase-shifter topology was selected in Chapter 7 to
implement low-loss high linearity phase-shifters.

A loaded TL type phase-shifter is made of several sections of lumped LC net-
works, which results in a lumped transmission line equivalent. However, the
optimal number of segments required to implement a phase-shifter with a certain
tuning range and bandwidth was not clearly known. The analysis presented in the
Chapter 7 relates the number of segments to the various parameters of the phase-
shifter, namely: area, loss, linearity and bandwidth. As such, the optimal number
of segments for the phase-shifter for a certain application can be determined. The
theory presented in this chapter was verified by the design of a compact phase-
shifter which showed extremely low-loss in combination with wide tuning range,
high linearity and wide bandwidth. To demonstrate the effectiveness of the pro-
posed phase-shifter design techniques and technology presented in the Chapter 7,
the performances of several state-of-the-art phase-shifter implementations found
in literature are given in the table 8.2.
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Frequency | Technology % IP3 Ref
5.2GHz MESFET | 90° NA [92]
3-5GHz MESFET | 63° NA 81
2.4GHz MESFET | 65° NA 93
1.0GHz Schottky | 150° | 45dBm | This Work

Table 8.2: Comparision of state of the art diode and MESFET based phase shifters

8.2 Future Work and Recommendations

The research presented in this thesis can act as a basis for further research in the
areas of multi-path power amplifier design and true time delay phase shifters. In
the following we give some suggestions / directions that might be useful in future
investigations.

8.2.1 Mixed-Mode Outphasing Amplifiers

The mixed-mode outphasing amplifier demonstrator presented in Chapter 3 uses
saturated class-B power amplifiers. These amplifiers are (theoretically) limited to
a peak efficiency of 78.5%, yielding to the conclusion that the use of one of the
'linear’ high-efficiency classes, like class-F can be applied in the mixed-mode out-
phasing concept to further enhance the average efficiency of the overall amplifier.
Another improvement which can be made to the mixed-mode outphasing amplifier
concept is to replace the output power combiner by the wideband power combiner
presented in [94], which does not only simplifies the design of compensation ele-
ments but would results in better RF bandwidth.

When aiming for pure outphasing operation, the recently applied class-E branch
amplifiers with duty-cycle control [18] can offer certain advantages in terms of
drain efficiency and RF operating bandwidth. Important, however, for this ap-
proach is access to a high-gain device technology, which also offers low losses
at high load impedance tuning ratios. Although pure outphasing is known to
be sensitive to mismatches in the branch amplifiers and therefore might require
additional calibration or feedback control loops, there are a few basic aspect of
pure outphasing that are not always recognized, but might be of importance to
future generations of low-cost, high data rate basestations. First of all, it is the
digital nature of the outphasing PA drive, which allows cheap and easy system
integration with the signal processing part of the basestation system. Secondly
and this might be even more important, the outphasing amplifier is operated as
a switching system. Consequently, no cascading of linear gain blocks is present in
the system. As such the noise floor will not be lifted by the same amount as in a
traditional ’linear’ basestation. This reduced noise floor at the output, combined
with the very clean spectral output of the outphasing amplifier, opens up the pos-
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sibility to reduce the very stringent filter requirements in the basestation. This
might yield major cost savings and simplification of the basestation hardware in
the future.

8.2.2 High Power Wideband Doherty Power Amplifiers

The main purpose of the wideband DPA circuits presented in this thesis is to
demonstrate the underlying bandwidth restrictions of current DPA implementa-
tions and prove the effectiveness of the wideband Doherty design concepts in-
troduced. However, a useful Doherty power amplifier for today’s basestation
applications has an output power of at least a few times the output powers of
these demonstrators. Unfortunately, the techniques presented in this thesis can-
not be directly applied to truly high-power Doherty amplifier implementations
(e.g., > 100W) due to practical implementation constraints. However, construct-
ing smaller wideband DPA cells, and then combining the resulting output powers
of these wideband cells into a wideband load [95] (as shown in the Figure 8.1), pro-
vides a new route to high-power wideband DPA operation. Note that the package
integration of the input power splitter is still a challenge in such a configuration.
Implementing an input power splitter that can provide the required power and
phase relations while keeping the main and peaking PA devices isolated from each
other is very difficult. However if one brings the inputs of the peaking and the
main devices outside the package, wide-band DPA operation can be achieved by
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using a wideband input power splitter along with a phase compensator. Even
wider bandwidths and better DPA operation is possible if the input powers and
phase relations are controlled using the digital Doherty techniques as presented
in the Chapter 5.

8.2.3 Impedance Matched True-Time Delay Phase-Shifters

The ideas presented in the Chapter 7 can be extended to form true-time delay
phase-shifters for future MIMO antenna systems. The phase-shifters presented
in the Chapter 7 consists of identical lumped transmission line section, whose
phase is varied by changing only the shunt capacitors. The disadvantage of this
approach is that, the impedance of the structure also changes , as the tuning volt-
ages of the varactors are varied for changing the delay of the structure, thereby
increasing its reflection loss. One approach to solve this is to design a number of
tunable lumped transmission lines with different characteristic impedances and
different tuning control voltages (see Figure 8.2). The separate control of the
tuning of each section enbles the operator to keep the characteristic impedance
of the full structure constant, or nearly constant, during the whole phase tuning
range over a very large bandwidth. In this way, the reflection loss and hence the
performance of the structure can be significantly enhanced. This technique would
have an adverse effect on the chip area and tuning range of the structure, but
in turn it will provide a significantly better performance in terms of impedance
match over the whole control range, and therefore also a much more predictable
group delay.



Bibliography

[1]

Z. Fluhr and E. Nussbaum, “Switching plan for a cellular mobile telephone
system,” IFEFE Transcations on Communication, vol. 21, no. 11, pp. 1281—
1286, 1973.

V. Prabhu and S. Rappaport, “Approximate analysis for dynamic channel
assignment in large systems with cellular structure,” IFEE Transcations on
Communication, vol. 22, no. 10, pp. 1715-1720, 1974.

S. Chia, “The univeral mobile telecommunication system,” IEEE Communi-
cation Magazine, vol. 30, no. 12, pp. 54—62, 1992.

A. Baier, C. U. Fiebig, W. Granzow, W. Koch, P. Teder, and J. Thielecke,
“Design study for a cdma based third generation mobile radio system,” IEEE
Journal on Selected Areas in Communication, vol. 12, no. 4, pp. 733-743,
1994.

J. Rapeli, “UMTS: Targets, system concept, and standardization in a global
framework,” IEEE Personal Communications, vol. 2, no. 1, pp. 20-28, 1995.

S. C. Cripps, ed., RF Power Amplifiers for Wireless Communication. Nor-
wood MA: Artech House Inc, 2nd ed., 2006.

F. H. Raab, “Efficiency of outphasing rf power-amplifier systems,” IEEFE
Transc. in Communication, vol. 33, no. 8, pp. 1094-1099, 1985.

F. H. Raab, “Efficiency of Doherty RF power-amplifier systems,” IEEFE
Transc. in Boradcasting, vol. 33, no. 3, pp. 77-83, 1987.

W. H. Doherty, “A new high efficiency power amplifier for modulated waves,”
Proceedings of the Institute of Radio Engineers, vol. 24, no. 9, pp. 1163-1182,
1936.

127



128

[10]

[11]

[12]

[13]

[15]

[16]

[17]

BIBLIOGRAPHY 8.2

H. Chireix, “High power outphasing modulation,” Proc. IRE, vol. 23,
pp. 1370-1392, Nov. 1935.

D. F. Kimball, J. Jeong, C. Hsia, P. Draxler, S. Lanfranco, W. Nagy,
K. Linthicum, L. E. Larson, and P. M. Asbeck, “High-efficiency envelope-
tracking w-cdma base-station amplifier using gan hfets,” IEEE Trans. on
Microwave Theory and Techniques, vol. 54, no. 11, pp. 3848-3856, 2006.

W. C. Neo, J. H. Qureshi, M. J. Pelk, J. R. Gajadharsing, and L. C. N.
deVreede, “A mixed-signal approach toards linear and efficient N-way DO-
herty amplifiers,” IEEE Trans in Microwave Theory and Techniques, vol. 55,
pp- 866-879, May 2007.

M. J. Pelk, W. C. E. Neo, J. R. Gajadharsing, R. S. Pengelly, and L. C. N. de-
Vreede, “A high-efficiency 100-W GaN three-way Doherty amplifier for base-
station applications,” IEEE Trans in Microwave Theory and Techniques,
vol. 56, no. 7, pp. 1582-1591, 2008.

J. H. Qureshi, L. Nan, E. Neo, F. van Rijs, I. Blednov, and L. deVreede, “A
wide-band 20-W LDMOS Doherty power amplifier,” in IEEE MTT-S Int.
Microwave Symposium Digest, pp. 1504-1507, May 2010.

X. Deng, “Wideband Doherty power amplifier design for base station appli-
cation,” in Msc Thesis, Department of Microelectroncis, Technical University

of Delft, 2010.

J. H. Qureshi, M. J. Pelk, M. Marchetti, W. C. E. Neo, J. R. Gajadharsing,
M. P. van der Heijden, and L. C. N. deVreede, “A 90-W peak power GaN
outphasing amplifier with optimum input signal conditioning,” IEEFE Tran-
scations in Microwave Theory and Techniques, vol. 57, pp. 1925-1935, Aug.
2009.

J. H. Qureshi, R. Liu, A. J. M. de Graauw, M. P. van der Heijden, J. R.
Gajadharsing, and L. C. N. de Vreede, “A highly efficient Chireix amplifier
using adaptive power combining,” in IEEE MTT-S Int. Microwave Sympo-
stum Digest.

M. V. D. Heijden, A. de Graaw, S. J. Vromans, and R. Jos, “Efficient linear
linc power amplifier,” US Patent US20090989890 20090430, 2011.

L. Kahn, “Single-sided transmission by envelope elimination and restora-
tion,” Proc. IRFE, vol. 40, no. 7, pp. 803-806, 1952.

B. Sahu and G. A. Rincon-Mora, “A high-efficiency linear RF power amplifier
with power-tracking dynamically adaptive buck-boost supply,” IEEE Trans.
Microwave Theory and Techniques, vol. 52, pp. 112-120, Jan. 2004.



8.2

[21]

[22]

[25]

[31]

32]

BIBLIOGRAPHY 129

F. Wang, A. H. Yang, D. F. Kimball, L. E. Larson, and P. M. Asbeck,
“Design of wide-bandwidth envelope-tracking power amplifiers for OFDM
applications,” IEEE Trans. on Microwave Theory and Techniques, vol. 53,
no. 4, pp. 1244-1255, 2005.

M. Alavi, F. van Rijs, M. Marchetti, M. Squillante, T. Zhang, S. Theeuwen,
Y. Volokhine, H. F. F. Jos, M. van der Heijden, M. Acar, and L. C. N.
deVreede, “Efficient ldmos device operation for envelope tracking amplifiers
through second harmonic manipulation,” in IEEE MTT-S International Mi-
crowave Symposium, 2011.

S. C. Cripps, ed., Advancess in RF Power Amplifier Design. Artech, Norwood
MA.

W. C. E. Neo, L. Yu, L. Xiaodong, L. C. N. deVreede, L. E. Larson, M. Spir-
ito, M. J. Pelk, K. Buisman, A. Akhnoukh, A. de Graauw, and L. K. Nan-
ver, “Adaptive multi-band multi-mode power amplifiers using integrated
varactor-based tunable matching networks,” IEEE Journal of Solid-State
Clircuits, vol. 41, no. 9, pp. 21662176, 2006.

S. C. Swales, M. A. Beach, D. J. Edwards, and J. P. McGeehan, “The pefor-
mance enhancement of multibeam adaptive base-station antennas for cellu-
lar land mobile radio systems,” IEEE Transactions on Vehicular Technology,
vol. 29, pp. 93-96, Feb. 1993.

S. C. Wales, M. A. Beach, and D. J. Edwards, “Multi-beam adaptive bases-
tation antennas for cellular land mobile radio systems,” in IEEE Vehicular
Technology Conference.

S. P. Stapleton and G. S. Quon, “A cellular base station phased array antenna
system,” in IEEFE Vehicular Technology Conference, pp. 93-96, May 1993.

J. E. Hudson, ed., Adaptive Array Principles. Institution of Engineering and
Technology, 1981.

R. T. Comiton, ed., Adaptive Antennas,-Concepts and Performance.
Prentice-Hall, 1988.

J. H. Qureshi, S. Kim, K. Buisman, C. Haung, M. J. Pelk, A. Akhnoukh,
L. E. Larson, L. K. Nanver, and L. C. N. deVreede, “A low-loss compact
linear varactor based phase-shifter,” in Radio Frequency Integrated Circuits
(RFIC) Symposium, pp. 93-96, 2007.

X. Zhang, Lawrence, and P. Asbeck, eds., Design of Linear Outphasing Am-
plifiers. Norwood MA: Artech, 2003.

D. C. Cox, “Linear amplification with non-linear components,” IEEE Tran-
scations in Communication, vol. 12, pp. 1942-1945, Dec. 1974.



130

[33]

[34]

[35]

[36]

[38]

[39]

[40]

BIBLIOGRAPHY 8.2

R. Langride, T. Thornton, P. M. Asbeck, and L. E. Larson, “A power re-use
technique for improved efficiency of outphasing microwave power amplifiers,”
IEEE Transactions in Microwave Theory and Techniques, vol. 47, pp. 1467—
1470, Aug. 1999.

X. Zhang, L. E. Larson, P. M. Asbeck, and R. A. Langridge, “Analysis of
power recycling techniques for RF and microwave outphasing power ampli-
fiers,” IEEFE Transactoins in Circuits and Systems, vol. 49, pp. 312-320, May
2002.

J. F. Sevic, “Statistical characterization of rf power amplifier efficiency for
CDMA wireless communication systems,” in Proceedings of the Wireless
Communication Conference, pp. 110-113, Aug. 1997.

O. Hammi and F. M. Ghannouchi, “Comparative study of recent advances
in power amplification devices and circuits for wirelss communication infras-
tructure,” in Proceedings of IEEE International Conference on FElectronics,
Circuits and Systems, pp. 379-382, 2009.

F. H. Raab, P. Asbeck, S. Cripps, P. B. Kenington, Z. B. Popovic, N. Pothe-
cary, J. F. Sevice, and N. O. Sokal, “Power amplifiers and transmitters for RF
and microwave,” IEEFE Transcations in Microwave Theory and Techniques,
vol. 50, pp. 814-826, Mar. 2002.

S. Wood, C. Plastis, D. Farrell, B. Pribble, P. Smith, ray Pengelly, and
J. Miligan, “Advances in high power GaN HEMT transistors,” Microwave
Engineering Europe, May 2009.

D. Neamen, ed., Semiconductor Physics and Devices, Basic Principles. Semi-
conductors, Mc Graw Hill, 3rd ed., 2003.

M. Helaoui, S. Boumaaiza, and F. M. Ghannouchi, “A new mode-
multiplexing LINC architecture to boost the efficiency of WIMAX up-link
transmitters,” IEEE Trans. in Microwave Theory and Techniques, vol. 55,
pp- 248-253, Feb. 2007.

G. Poitau and A. Kouki, “MILC: Modified implementation of the LINC
concept,” in Microwave Symposium Digest, pp. 1883—-1886, June 2006.

W. Gerhard and R. Knoekchel, “Improvement of power amplifier efficiency
by reactive Chireix combining, power back-off and differential phase adjust-
ments,” in Proceedings of the MTT-S, pp. 1887-1890, 2006.

F. Assadourian, “Analysis of SSB power amplifiers,” IRE Transactions on
Communication Systems, vol. 7, pp. 52-57, May 1959.

A. D. Sutherland, “Large-signal theory of UHF power triodes,” IRE Trans-
actions on FElectronic Devices, vol. 6, no. 1, pp. 35-47, 1959.



8.2

[45]

[46]

[47]

[52]
[53]

[54]

BIBLIOGRAPHY 131

G. Karam and H. Sari, “A data predistortion technique with memory for
QAM radio systems,” IEEE Transactions on Communication, vol. 39, no. 2,
pp. 336-344, 1991.

V. Petrovic, “Reduction of spurious emission from radio transmitters by
means of modulation feedback,” in Proc. IEE Radio Spectrum Conservation
Techniques Conference, pp. 44—49, Sept. 1983.

F. H. Raab, “Maximum efficiency and output of class-F power amplifiers,”
IEEE Transcations in Microwave Theory and Techniques, vol. 49, no. 6,
pp. 1162-1166, 2001.

T. S. Rappaport, ed., Wireless Communications: Principles and Practice.
Communication Engineering and Emerging Technologies Series, Prentice
Hall, 2002.

J. Gajadharsing, O. Bosma, and P. van Westen, “Analysis and design of a 200
W LDMOS based Doherty amplifier for 3G base-stations,” in IEEE MTT-S
Int. Microwave Symposium Digest, vol. 2, pp. 529-532, June 2004.

T. Yamamoto, T. Kitahara, and S. Hiura, “50% drain efficiency Doherty
amplifier with optimized power range for W-CDMA signal,” in IEEE MTT-
S Int. Microwave Symposium Digest, pp. 1263-1266, June 2007.

N. Ui, H. Sano, and S. Sano, “A 80 W 2-stage GaN HEMT Doherty am-
plifier with 50dbc aclr, 42% efficiency 32db gain with DPD for W-CDMA
base stations,” in Proc. IEEE Radio Spectrum Conservation Tech. Conf.,
pp. 1259-1262, June 2007.

D. M. Pozar, ed., Microwave Engineering. John Wiley & Sons, 2005.

R. M. Fano, “Theoretical limitations on the broadband matching of arbitrary
impedances,” J. Franklin Institute, vol. 249, pp. 57-83, 1950.

H. W. Bode, “Network analysis and feedback amplifier design,” Van Nostrand
New York, 1945.

L. Nan, “Wideband Doherty power amplifier design,” in Msc Thesis, Depart-
ment of Microelectronics, Technical University of Delft, 2009.

K. S. Ang, C. H. Lee, and Y. C. Leong, “Analysis and design of coupled line
impedance transformers,” in IEEE MTT-S International Microwave Sympo-
sium, vol. 3, pp. 1951-1954, June 2004.

V. Zhurbenko, V. Krozer, and R. Meincke, “Broadband impedance trans-
former based on asymmetric coupled transmission lines in nonhomogenous
medium,” in IEEE MTT-S International Microwave Symposium, pp. 1893—
1896, June 2007.



132

[58]

BIBLIOGRAPHY 8.2

T. Jensen, V. Zhurbenko, V. Krozer, and P. Meincke, “Coupled transmis-
sion lines as impedance inverters,” IEEE Trans in Microwave Theory and
Techniques, vol. 55, pp. 2957-2965, Dec. 2007.

J. Svechtarov, “Power amplfier,” EP2383883A1, 2011.
X. Deng, “Doherty amplifier,” Patent EP 2413/98A1, 2012.

K. Bathich, A. Z. Markos, and G. Boeck, “A wideband GaN Doherty am-
plifier with 35% fractional bandwidth,” in Furopean Microwave Conference,
pp. 1006-1009, Sept. 2010.

K. Bathich, A. Z. Markos, and G. Boeck, “Frequency response analysis and
bandwidth extension of the Doherty amplifier,” Microwave Theory and Tech-
niques, vol. 59, no. 4, pp. 934-944, 2011.

A. Ghoash, J. Zhang, J. G. Andrews, and R. Muhamed, eds., Fundamentals
of LTE. Prentice Hall, 2010.

J. Vuolevi and T. Rahkonen, eds., Distortion in RF Power Amplifiers. Mi-
crowave Library, Archtech House Inc, Feb. 2003.

“3G TS 25.141 base station conformance testing (FDD),” tech. rep.
B. Razavi, ed., RF Microelectronics. Prentic Hall, 1998.

V. Volterra, ed., Theory of Functionals and of Integro and Integro-Differential
Equations. New York Dover, 1959.

A. Mediavilla and J. A. Garcia, “Circuit level linearization: An overview,”
in Processings, 8rd TARGET Summer School Castelldefels Spain, 2006.

A. Saleh, “Frequency-independent and frequency-dependent nonlinear mod-
els of TWT ampliers,” IEEFE Transcations on Communication, vol. 29, no. 11,
pp. 1715-1720, 1981.

M. Isaksson, D. Wisell, and D. Ronnow, “A comparative analysis of behav-
ioral models for RF power amplifiers,” IEEE Trans. on Microwave Theory
and Techniques, vol. 54, pp. 348-359, Jan. 2006.

P. L. Gilabert, E. Bertran, and G. Montoro, “Multiple lookup table predis-
tortion for adaptive modulation,” Proceedings of the European Microwave
Association, vol. 1, pp. 304-311, Dec. 2005.

M. Faulkner and M. Johansson, “Adaptive linearization using predistor-
tion experimental results,” IEEE Trans. on Vehicular Technology, vol. 43,
pp- 323-332, May 1994.



8.2

[73]

BIBLIOGRAPHY 133

J. K. Cavers, “Amplifier linearization using a digital predistorter with fast
adaption and low memory requirements,” IEEE Trans. on Vehicular Tech-
nology, vol. 39, pp. 374-382, Nov. 1990.

J. D. Kraus, “Antenna arrays with closely spaced elements,” Proceedings of
the IRE, vol. 28, no. 2, pp. 76-84, 1940.

C. W. Harrison, “Symmetrical antenna arrays,” Proceedings of the IRE,
vol. 33, no. 12, pp. 892-896, 1945.

R. A. Soni, R. M. Buehrer, and R. D. Benning, “Intelligent antenna system
for CDMA2000,” IEEE Signal Processing Magazine, vol. 19, no. 4, pp. 54-67,
2002.

C. Alakija and S. P. Stapleton, “A mobile base station phased array antenna,”
in IEEE Conference on Selected Topics in Wireless Communication, pp. 118—
121, June 1992.

L. Lewin, “Diversity reception and automatic phase correction,” Proceedings
of IEE Part B, Electronic and Communication Engineering, vol. 109, no. 46,
pp- 295-304, 1962.

M. Hangai, M. Hieda, N. Yunoue, Y. Sasaki, and M. Miyazaki, “S- and C-
band ultra-compact phase shifters based on all-pass networks,” Transactions
of Microwave Theory and Techniques, vol. 58, no. 1, pp. 41-47, 2010.

D. Viveiros, D. Consonni, and A. K. Jastrzebeski, “A tunable all-pass MMIC
active phase shifter,” Transactions of Microwave Theory and Techniques,
vol. 50, no. 8, pp. 1885-1889, 2002.

F. Ellinger, H. Jackel, and W. Bachtold, “Varactor-loaded transmission-line
phase shifter at C-band using lumped elements,” Transactions of Microwave
Theory and Techniques, vol. 51, no. 4, pp. 1134-1140, 2003.

I. J. Bahl and K. C. Gupta, “Design of loaded-line p-i-n diode phase shifter
circuits,” IEFE Transactions in Microwave Theory and Techniques, vol. 28,
no. 3, pp. 219-224, 1980.

J. F. White, “High power p-i-n diode controlled microwave transmission
phase-shifter,” IEEE Transactions in Microwave Theory and Techniques,
vol. 13, pp. 233-242, Mar. 1965.

G. M. Rebeiz, T. Guan-Leng, and J. S. Hayden, “RF MEMS phase shifters:
design and applications,” IEEE Microwave Magazine, vol. 3, no. 2, pp. 72-81,
2002.



134

[85]

[36]

BIBLIOGRAPHY 8.2

L. K. Nanver, H. Schellevis, T. L. M. Scholtes, L. L. Spina, G. Lorito,
F. Sarubbi, V. Gonda, M. Popadic, K. Buisman, L.. C. N. deVreede, C. Huang,
S. Milosavljevic, and E. J. G. Goudena, “RF/Microwave device fabrication
in silicon-on-glass technology,” in 26th Internation Conference on Microelec-
tronics, 2008.

K. Buisman, L. C. N. deVreede, L. E. Larson, M. Spirito, A. Akhnoukh,
T. L. M. Scholtes, and L. K. Nanver, “Distortion-free varactor diode topolo-
gies for RF adaptivity,” in Proceedings on Internation Microwave SYmpos-
stum, pp. 157-160, June 2005.

H. Cong, L. C. N. deVreede, F. Sarubbi, M. Popadic, K. Buisman, J. Qureshi,
M. Marchetti, A. Akhnoukh, T. L. M. Scholtes, L. E. Larson, and L. K. Nan-
ver, “Enabling low-distortion varactors for adaptive transmitters,” Transac-
tions of Microwave Theory and Techniques, vol. 56, no. 5, pp. 1149-1163,
2008.

I. Bahl, ed., Lumped Elements for RF and Microwave Circuits. Artech House
Microwave Library, Artech House, 2003.

M. Spirito, M. J. Pelk, F. van Rijs, S. J. Theeuwen, D. Hartskeerl, and
L. C. N. deVreede, “Active harmonic load-pull for on-wafer out-of-band de-
vice linearity optimization,” IFEE Transactions on Microwave Theory and
Techniques, vol. 54, no. 12, pp. 4225-4236, 2006.

I. Hakala, D. K. Choi, L. Gharavi, N. Kajakine, J. Koskela, and R. Kau-
nisto, “A 2.14 GHz Chireix Outphasing transmitter,” IEFE Transcations in
Microwave Theory and Techniques, vol. 53, pp. 2129-2138, June 2005.

M. van der Heijden, M. Acar, J. S. Vromans, and D. A. C. Cortes, “A
19W high-efficiecny wide-band CMOS-GaN class-E Chireix,” in IEEE MTT-

S International Microwave Symposium, June 2011.

F. Ellinger, R. Vogt, and W. Bachtold, “Ultra compact, low loss, varactor
tuned phase shifter MMIC at C-band,” IEEE Microwave and Wireless Com-
ponents Letters, vol. 11, pp. 104-105, Mar. 2001.

K. Dongsu, C. Yoonsu, M. Ahn, M. G. Allen, K. Stevenson, and P. Marry,
“2.5GHz continuously variable ferroelectric phase shifters using all-pass net-
works,” IEEE Microwave and Wireless Components Letters, vol. 13, 2003.

B. Olaf, “Low-loss, asymmetrical combiner for phase differential systems
and adaptive RF amplifier comprising asymmetrical combiner,” US Patent
WO /2006/064466, 2005.

I. Blednov, “Integrated Doherty type amplifier arrangements with high power
efficiency,” Patent WO 2008/062371, 2008.



Summary

The efficiency of the RF transmitter has always been a big concern in telecommu-
nication systems. The increased popularity of complex modulating signals with
high peak-to-average power ratios, has drastically increased the need for high ef-
ficiency, while yielding additional constrains on the linearity. Currently, the new
generation of telecommunication systems seems to aim for multi-channel / multi-
standard operation, this not only to save energy, but also to save on component
costs, maintenance and (board) space. The main system component, hindering
this development is the high-power RF amplifier, which now not only needs to
be efficient, but also should support the simultaneous operation of multiple fre-
quency bands with large video bandwidth, this to accommodate multi-carrier
signals. Traditionally, concepts like Doherty, Outphasing, Envelop Tracking (ET)
can provide high efficiency, however they tend to fail in providing high RF and
video bandwidth simultaneously.

This thesis presents the analysis of various power amplifier architectures and
evaluates their performance parameters in terms of gain, efficiency, video and RF
bandwidth. Two popular PA configurations are discussed in detail, namely; the
outphasing and Doherty amplifier. In chapter 2 conventional outphasing trans-
mitters are evaluated for their performance in relation to the losses of the branch
PA devices. From these results it is concluded that conventional outphasing PAs
suffer from relative low-gain, yielding low power-added-efficiency for modulated
signals with high peak-to-average power ratios. Also their video bandwidth and
sensitivity to the losses in the branch amplifiers are points of concern. Following
Chapter 3 an improved version of the outphasing transmitter is presented, which is
referred to as the “Mixed-Mode Outphasing Amplifier”. This modified outphasing
concept overcomes most of the previously mentioned shortcomings by making use
of intelligent input signal conditioning of the branch amplifiers. The concepts in-
troduced in this Chapter are verified by a 90-W mixed-mode outphasing amplifier
design, which was measured both in pure outphasing as well in mixed-mode oper-

135



136 SUMMARY 8.2

ation to demonstrate the performance improvement. The achieved improvement
with this demonstrator PA was a 10% higher average efficiency in mixed-mode of
operation compared to conventional outphasing operation. In spite of this signif-
icant improvement, additional analysis indicated that using this new approach,
the maximum attainable efficiency for signals with high peak-to-average power
ratios (e.g. > 12dB) is still below 60% (assuming class-B operation for the PA
devices). This limit is mainly caused by the lower CW-efficiency at the mid power
levels when the compensation angle is pushed to more extreme values in order
to position the back-off peak efficiency at a relative low power level. One solu-
tion to this problem is the use of adaptive compensation in the Chireix power
combiner instead of the traditional fixed compensation. Using this approach,
high efficiency is not only achieved at 2 fixed compensation points but also at all
other (mid) power levels. This dynamic compensation technique is presented in
the Chapter 4, along-with an analysis for the impact of losses in the PA devices
and adaptive network. These ideas are demonstrated by a 0.5 power amplifier
operating at 870MHz, and tested with a CDMA signal. The achieved results of
this later demonstrator indicate that, to have a significant improvement over the
mixed-mode outphasing PA, the losses of the PA devices, as well as the losses of
the adaptive matching networks need to be kept low. Moreover, high Q-tunable
elements with high breakdown voltage are required to bring this concept to the
power levels of macro-cell base-station amplifiers.

Another, very popular PA concept in the RF base-station industry is the Do-
herty PA, almost all modern high-average efficiency base-stations transmitters
use this PA concept to increase the average efficiency. It are the simplicity and
performance of this architecture that makes it the favorite among base-station
transmitter designers. However, these days along-with its average efficiency also
the bandwidth of the transmitter is becoming important. In view of this, tradi-
tional Doherty PA implementations are known to have very narrow bandwidths
along-with being efficient. In fact the actual bandwidth capabilities of Doherty
PAs are not very well known. It is the common belief that the output power com-
biner is the cause for this narrow bandwidth. In Chapter 5 the bandwidth of the
DPA is analyzed reveling some interesting conclusions. One of these conclusions
is that the Doherty PA can indeed provide an operational bandwidth of close to
28% (allowing 10% efficiency drop at the band edges). In practical situations this
bandwidth can be obtained if the matching of the PA devices is done in a clever
way (e.g. by absorbing the output capacitances of the devices in the power com-
biner). These ideas were verified through the design of a 20-W wideband LDMOS
Doherty amplifier, which provided a 20% efficiency bandwidth, which at that time
(June 2010), was the best result ever published. The analysis of the Chapter 5
is further extended by including some interesting wideband impedance inverter
structures which in principle can provide a fractional bandwidth between 40%
to 90%. One of those structures was chosen to demonstrate an ultra-wideband
Doherty with a measured efficiency bandwidth of 42% for a 15-W LDMOS Do-
herty PA. The results of the Chapter 5 can be considered as very interesting since
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they reject the commonly believed hypothesis that Doherty PAs cannot be made
wideband. As such they presents some techniques that can form the basis of
ultra-wide band Doherty amplifiers.

All PA demonstrators presented in this thesis make use of a dual input. To demon-
strate the usability of these multi-path PAs, a dedicated pre-distortion method
was implemented which is based on constellation mapping. This algorithm was
chosen as it is simple while providing sufficient linearization to demonstrate the
successful pre-distortion of these amplifiers. Chapter 6 explains the implementa-
tion and basic functioning of this algorithm. With the continuously rising energy
costs, telecommunication industry is no longer only improving the efficiency of the
broadcasting power amplifiers, but also aims to improve the antenna operation of
future basestation systems. Instead of broadcasting radio waves in all directions,
transmission ideally only takes place in the direction where the actual user(s)
are located. The enormous energy saving potential is pushing the construction of
low-cost phase array antennas, which would facilitate the broadcast transmissions
only in the desired direction(s). One vital component of such system is a low-cost,
highly-linear low-loss phase-shifter. Chapter 7 is devoted to the development of
such an ultra-linear phase-shifter, which can enable these future developments.






Samenvatting

Titel: Hoog efficinte RF vermogensversterker architecturen De efficintie van de
RF-zender is nog altijd een groot probleem in telecommunicatiesystemen. De
toegenomen populariteit van gemoduleerde signalen met een hoog piek-gemiddelde
vermogensverhouding, vergroot de noodzaak van hoge efficintie en vereist tegelijk-
ertijd een goede lineariteit. Op dit moment lijkt de nieuwe generatie telecommu-
nicatiesystemen aan te sturen op “multi-channel / multi-standard” functionaliteit,
dit niet alleen om energie te besparen maar ook om te besparen op kosten voor
onderdelen, onderhoud en de afmetingen van een basestation. Het belangrijkste
onderdeel van het systeem dat deze ontwikkeling belemmert, is echter de hoogver-
mogens RF-versterker. Die moet nu niet alleen energiezuinig zijn maar tegelijker-
tijd ook een aantal frequentiebanden kunnen bedienen om meerdere draaggolven
simultaan uit te kunnen zenden. Traditionele hoog efficinte versterkerconcepten
zoals, Doherty, “Outphasing”en “Envelope Tracking” (ET) kunnen wel een goed
rendement garanderen maar falen in het gelijktijdig ondersteunen van een grote
RF-bandbreedte als wel video bandbreedte.

Dit proefschrift presenteert de analyse van verschillende versterkerarchitecturen
en evalueert hun prestatieparameters in termen van versterking, rendement, video
en RF-bandbreedte. Twee populaire PA configuraties worden uitvoerig behan-
deld, namelijk; de Outphasing en Doherty versterker. In hoofdstuk 2 worden con-
ventionele Outphasing zenders beoordeeld op hun prestaties m.b.t. de verliezen
van de transistors in de versterkertakken. Deze resultaten leiden tot de conclusie
dat conventionele outphasing methodiek gekenmerkt wordt door een relatief lage
versterking, welke leidt tot een lage efficintie voor het toegevoegd vermogen (PAE)
wanneer men werkt met gemoduleerde signalen met een hoog piek-gemiddelde ver-
mogensverhouding. Ook de videobandbreedte en gevoeligheid voor de verliezen
in de versterkertakken zijn punten van zorg. In het daarop volgende hoofdstuk 3
wordt een verbeterde versie van de Outphasing zender gentroduceerd, die wordt
aangeduid als de “Mixed-Mode Outphasing Versterker”. Dit gemodificeerde out-
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phasing concept ondervangt de meeste van de eerder genoemde tekortkomingen
door gebruik te maken van intelligente conditionering van de ingangssignalen voor
de twee versterkertakken. Het verkregen inzicht is gecontroleerd aan de hand van
een 90-W Mixed-Mode Outphasing versterker, die gemeten is in zowel outphasing
operatie alsmede in mixed-mode operatie om de prestatieverbeteringen te kunnen
aantonen. De bereikte verbetering met deze demonstratieversterker voor gemod-
uleerde signalen, is een 10% hoger rendement in mixed-mode operatie vergeleken
met conventionele outphasing. Ondanks deze belangrijke verbetering toont aan-
vullende analyse aan dat met deze nieuwe aanpak, het maximaal haalbare rende-
ment voor signalen met hoge piek-gemiddelde vermogens verhouding (bv. > 12
DB) nog steeds beperkt is tot 60% (onder de veronderstelling dat klasse-B werk-
ing voor de PA transistor is gebruikt). Deze grens wordt voornamelijk veroorza-
akt door het lage CW-rendement voor tussenliggende vermogensniveaus wanneer
meer extreme waarden van de compensatichoek worden gebruikt om het rende-
ment bij lage vermogens te verbeteren. Een potentile oplossing voor dit probleem
is het gebruik van dynamische Chireix compensatie in plaats van statische com-
pensatie. Met behulp van deze nieuwe methode is de hoge efficintie niet langer
beperkt tot 2 vaste vermogensniveaus maar ook sterk verbeterd bij alle andere
vermogensniveaus. De techniek voor dit dynamisch compenseren wordt gepre-
senteerd in hoofdstuk 4, samen met een analyse van de gevolgen van verliezen in
de vermogenstransistors en het verstelbare aanpassingsnetwerk. De haalbaarheid
van deze ideen wordt aangetoond door een 0,5W versterker met een ontwerpfre-
quentie van 870MHz en zijn getoetst met een CDMA signaal. De resultaten met
dit demonstratiemodel tonen aan dat om een significante verbetering te realiseren
ten opzichte van de mixed-mode Outphasing PA, de verliezen van de vermogen-
stransistors alsmede de verliezen van de verstelbare aanpassingsnetwerken laag
moeten worden gehouden. Bovendien zijn verstelbare componenten met een hoge
doorslagspanning en lage verliezen nodig om dit concept op het energieniveaus
van een macro-cell basestation te implementeren.

Een ander, zeer populair versterker concept in RF basestations is de Doherty
PA, bijna alle moderne basestations zenders maken gebruik van deze PA archi-
tectuur om de energie-efficintie voor de versterking van gemoduleerde signalen
te verbeteren. Het zijn de eenvoud en prestaties van deze architectuur die het
tot de favoriet maken van vele basestation ontwerpers. Echter, naast de gemid-
delde efficintie wordt tegenwoordig ook de bandbreedte steeds belangrijker. Van
traditionele Doherty PA implementaties is echter bekend dat ze een zeer smalle
bandbreedte hebben waarin ze efficint zijn. In werkelijkheid zijn de bandbreedte
mogelijkheden van Doherty DAH niet erg goed onderzocht. Op dit moment is
de algemene overtuiging dat de uitgangsvermogencombiner de oorzaak is voor
deze bandbreedte beperking. In hoofdstuk 5 wordt de bandbreedte van de DPA
geanalyseerd welke leidt tot een aantal interessante conclusies. En van deze con-
clusies is dat de Doherty versterker in staat is tot een operationele bandbreedte
van bijna 28% (waarbij een 10% efficint reductie wordt getolereerd). In praktis-
che schakelingen kan deze bandbreedte alleen worden verkregen als de matching
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van de transistors wordt uitgevoerd op een slimme manier (bijvoorbeeld door het
absorberen van de uitgangcapaciteiten in de vermogenscombiner). Deze ideen
zijn geverifieerd d.m.v. een 20-W wideband LDMOS Doherty versterker, welke
een 20% efficintie bandbreedte behaalt. Op dat moment (juni 2010) was dit het
beste resultaat ooit gepubliceerd. De analyse van hoofdstuk 5 is verder uitgebreid
met enkele interessante wideband impedantie inverter structuren, die in theorie
kunnen zorgen voor een relatieve bandbreedte van 40% tot 90%. En van deze
structuren is gekozen om een zeer breedbandige 15-W LDMOS Doherty te maken
met een gemeten relatieve bandbreedte van 42% voor de efficintie. De resultaten
van hoofdstuk 5 kunnen worden beschouwd als zeer interessant omdat ze strijdig
zijn met de algemene hypothese dat breedband Doherty vermogensversterkers niet
mogelijk zijn. Aldus presenteert hoofdstuk 5 enkele technieken die de basis kun-
nen vormen voor een nieuwe generatie breedbandige Doherty versterkers.

Alle vermogensversterkers gepresenteerd in dit proefschrift maken gebruik van een
dubbele ingang. Om aan te tonen dat deze versterkers met meerdere ingangen en
versterkingstakken inderdaad bruikbaar zijn, is er een speciale correctiemethode
toegepast voor de ingangssignalen die gebaseerd is op “constellation mapping”.
Dit algoritme is gekozen omdat het op eenvoudige en tegelijkertijd afdoende wijze
de benodigde linearisatie geeft van deze versterkers. Hoofdstuk 6 behandelt de
implementatie en de werking van dit algoritme.

Met de voortdurend stijgende energiekosten streeft de telecommunicatie-industrie
niet langer alleen naar de verbetering van de zendversterkers maar ook naar de ver-
betering van complete antennesystemen van toekomstige basestations. In plaats
van de radiogolven in alle richtingen uit te zenden, vindt in het ideale geval de
transmissie uitsluitend plaats in richtingen waar de gebruikers zich daadwerkelijk
bevinden. Deze enorme mogelijkheden voor energiebesparing sturen de ontwikke-
ling van goedkope en slimme antenne arrays, die selectieve uitzending in alleen de
gewenste richtingen inderdaad mogelijk maken. Een essentieel onderdeel van zo’n
dergelijk systeem is een goedkope, lineaire fasedriaar met lage-verliezen. Hoofd-
stuk 7 bespreekt de ontwikkeling van een ultra-lineare phase draaier die deze
toekomstige ontwikkelingen kan ondersteunen.
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