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ZERO-VOLTAGE-SWITCHING CONTOUR 
BASED OUTPHASING POWER AMPLIFER 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a 35 U.S.C. S 111(a) continuation 
of PCT international application number PCT/US2012/ 
049075 filed on Jul. 31, 2012, incorporated herein by refer 
ence in its entirety, which claims priority to U.S. provisional 
patent application Ser. No. 61/513,625 filed on Jul. 31, 2011, 
incorporated herein by reference in its entirety. 
0002 The above-referenced PCT international applica 
tion was published as PCT International Publication No. WO 
2013/019819 on Feb. 7, 2013 and republished on Jul. 4, 2013, 
which publications are incorporated herein by reference in 
their entireties. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

0003. This invention was made with Government support 
under Grant No. 0725785 awarded by the National Science 
Foundation. The Government has certain rights in the inven 
tion. 

INCORPORATION-BY-REFERENCE OF 
MATERIAL SUBMITTED ON A COMPACT DISC 

0004) Not Applicable 

NOTICE OF MATERIAL SUBJECT TO 
COPYRIGHT PROTECTION 

0005. A portion of the material in this patent document is 
Subject to copyright protection under the copyright laws of 
the United States and of other countries. The owner of the 
copyright rights has no objection to the facsimile reproduc 
tion by anyone of the patent document or the patent disclo 
sure, as it appears in the United States Patent and Trademark 
Office publicly available file or records, but otherwise 
reserves all copyright rights whatsoever. The copyright owner 
does not hereby waive any of its rights to have this patent 
document maintained in secrecy, including without limitation 
its rights pursuant to 37 C.F.R.S 1.14. 

BACKGROUND OF THE INVENTION 

0006 1. Field of the Invention 
0007. This invention pertains generally to power amplifi 
ers, and more particularly to a Zero Voltage Switching (ZVS) 
contour based Switching power amplifier having a wide 
dynamic range. 
0008 2. Description of Related Art 
0009. There are two types of power amplifiers; linear and 
Switching. Linear power amplifiers (PAS). Such as class A, B, 
and AB amplifiers, are biased for peak output power and 
consequently suffer from poor efficiency at backed-off power 
levels. A common design approach used to obtain the desired 
linearity for a PA is to design the PA to handle more power 
than the level at which it will be operating. This is called 
“power back-off, and the differential between design output 
and operating output is typically expressed in dB. There are 
also techniques that have improved the efficiency of linear 
PAs, such as found in transformer combiner based PAS and 
envelope tracking PAS. However, a transformer combiner 
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based PA is limited by die size constraints, and envelope 
tracking PAs suffer from supply regulator bandwidth and 
efficiency problems. 
0010 Architectures used in switching PAs, such as supply 
modulation (e.g., polar, polar loop), theoretically offer high 
efficiency even at very low output power levels. Yet, these 
architectures suffer from Supply regulator inefficiency, par 
ticularly while handling wide bandwidth envelope variations. 
Recently developed digital PA architectures, such as the digi 
tal envelope modulator and the switching mixer PA architec 
tures, all suffer from efficiency degradation at backed-off 
power levels. Duty cycle modulation and dynamic load 
modulation, Such as used for class-E PAS, can achieve high 
peak efficiency but results in poor efficiency at low output 
power levels. In fact, class-E PAS operate sub-optimally at 
low output power levels when Zero voltage switching (ZVS) 
conditions are not satisfied, thus resulting in significant losses 
and poor efficiency. It will be appreciated that ZVS is 
intended to maximize efficient operation of class-E PAs. 

BRIEF SUMMARY OF THE INVENTION 

0011. The present invention is an outphasing Zero voltage 
switching ZVS contour based power amplifier (PA) with a 
wide dynamic range. By way of example, and not of limita 
tion, an embodiment of the inventive amplifier comprises a 
pair of separate power amplifiers (PAS) connected in an out 
phasing architecture and coupled to opposite ends of a load, 
or a power combiner, (e.g., a transformer), coupled to a load. 
In the preferred embodiment, the pair of PAS are configured 
for Zero voltage switching (ZVS), and arrays of variable 
capacitors are controlled in response to the duty cycle of the 
input drive signals whose relative phase is also changed based 
on the duty cycle. This inventive amplifier architecture pro 
vides a number of advantages over prior amplifier systems, 
including wide dynamic range. 
0012. Further aspects of the invention will be brought out 
in the following portions of the specification, wherein the 
detailed description is for the purpose of fully disclosing 
preferred embodiments of the invention without placing limi 
tations thereon. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING(S) 

0013 The invention will be more fully understood by ref 
erence to the following drawings which are for illustrative 
purposes only: 
0014 FIG. 1 is a schematic diagram illustrating an out 
phasing power-amplifier (PA). 
0015 FIG. 2A and FIG. 2B are schematic diagrams show 
ing the effective load impedance seen by two different power 
amplifiers according to an embodiment of the present inven 
tion. 

(0016 FIG. 3A through FIG. 3C are graphs of circuit 
response to changes in duty cycle according to an embodi 
ment of the present invention. 
0017 FIG. 4 is a schematic diagram of an outphasing ZVS 
contour-based power amplifier (PA) according to an embodi 
ment of the present invention. 
0018 FIG. 5 is a schematic diagram of an outphasing ZVS 
contour-based power amplifier (PA) according to an embodi 
ment of the present invention, showing elements within the 
tunable networks of FIG. 4. 
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DETAILED DESCRIPTION OF THE INVENTION 

0019 Our inventive outphasing ZVS contour based power 
amplifier (PA) architecture is based on the ZVS contour based 
PA. In a ZVS contour based PA, peak efficiency is maintained 
even underback-off conditions by a circuit configuration with 
select component values, such that ZVS conditions are met at 
varying duty cycles. Specifically, this involves varying the 
drain capacitance C and the equivalent resistance R, for a 
fixed Zero Voltage Switching transistor drain inductance L. 
along with duty cycle D according to the following relation: 

ég 

and 

(to CR = g2 (D) 

in which g (D) and g(D) are determined, such as analytically 
or empirically to ensure ZVS switching. The resultant output 
power varies with the duty cycle Daccording to the following 
relation: 

Reg P(D) = g3 (D). 

The functions g(D) and g(D) and g (D) can be found as 
Solutions to a set of equations that can be analytically derived, 
or empirically determined as described in a later section. 
0020 Conventional class-E power amplifiers can utilize 
dynamically programmable reactive termination of outphas 
ing PAs, but do not guarantee ZVS and hence lack efficiency 
and wide dynamic range. In addition, although the driving 
waveforms of a conventional ZVS contour based PA can have 
Some phase modulation, its envelope dynamic range or power 
back-off range is also limited by the achievable load modu 
lation. To overcome these problems, the single ZVS contour 
based class-E PA is replaced by two ZVS contour based 
class-E PAS, connected in an out-phasing architecture. 
0021 FIG. 1 illustrates a simplified schematic 10 of an 
outphasing PA architecture. The embodiment shown com 
prises two identical, parallel class-E PA networks PA1 and 
PA2 with a phase difference of 24 between their input volt 
ages Ve' and Ve'. The output from the PA networks is 
directed to a power combiner circuit PCOM, which can take 
various forms such as a transformer, that drives load R. It 
will be noted that the inputs are said to have phases of cp and 
-qp, thus the difference between them is 2(p. It should be 
appreciated that in conventional outphasing, the PA does not 
have to be a class Eamplifier; whereby the amplifier could be 
a class A/B/AB or even a class D amplifier. This phase dif 
ference between the input voltages presents an effective 
impedance of Z and Z, to the two PAS, which are found to be: 

(Vcosp + j Vsinp) R Z i2Vsingp 

= (1-icot = ( -icotsp) 
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-continued 

Z = (-V cosp + i Vsingp) 
2 F i2Vsinge L. 

it. +icotsp) 
2 

0022 Hence as can be seen, a varying output load can be 
supported by merely varying the phase difference (p between 
these input voltages Ve' and Ve'. It will be noted thatj refers 
to a so-called imaginary number as the square root of negative 
one. Imaginary numbers allows the real number system R to 
be extended to the complex number system C, which in turn 
provides at least one root for every polynomial P(x), and is 
noted herein byj. In mathematics, the term "imaginary” was 
used because there is no real number having a negative 
square, but the use of these numbers is common and necessary 
in solving many system problems. 
0023 FIG. 2A and FIG. 2B show these equivalent imped 
ances for Z 20a and Z 20b after a series-to-parallel trans 
formation. These equivalent impedances are seen for Z 20a 
in FIG. 2A as a parallel combination of capacitor and resistor, 
with contributions Ri?sin 2(p, and R/2 sin (p, respectively. 
Similarly, the equivalent impedances are seen for Z 20b in 
FIG. 2B as a parallel combination of inductor and resistor, 
with contributions R/sin2(p, and R/2 sin (p, respectively. It 
should be noted that if p is allowed to become negative, the 
capacitor and inductor have to be interchanged. 
0024. In the present invention, for every duty cycle D, the 
drain capacitance value C(D), the relative phase (2p), and the 
tunable networks are chosen such that ZVS conditions are 
satisfied for both class E PAS. The variable drain capacitor 
values, C(D), are chosen to satisfy the ZVS conditions as 
specified by the function g(D). The relative phase (2p) is 
chosen such that the resistance seen by the PAs, namely the 
real parts of Z and Z, satisfy the ZVS conditions as specified 
by the function g (D). The tunable reactive networks are 
chosen, such that the imaginary parts of Z and Z are reso 
nated out at the PA’s center frequency. In effect, for each duty 
cycle value D, a different and unique output power, as speci 
fied by g(D), is delivered while maintaining ZVS conditions 
and hence high efficiency. The relation between the duty cycle 
D and the output power can be derived analytically or empiri 
cally and used to map desired output power level (or desired 
back-off from nominal peak output power) to a required duty 
cycle value. 
0025. It is important to realize that a key aspect of the 
invention is operating the out-phasing PA along ZVS con 
tours within its design space. ZVS conditions ensure that just 
as the transistorturns ON during each carrier period, the drain 
Voltage is at Zero, thereby avoiding any wasted power in 
discharging the drain. The ZVS contour PA is based on meet 
ing ZVS conditions toward reaching optimal efficiency in a 
parallel class-EPA, not only at a particular power level, but 
also at backed-off power levels by a simultaneous modulation 
of the duty cycle, drain capacitance and load. 
0026 FIG. 3A and FIG. 3B illustrate plots of g and gas 
a function of duty cycle D for a given configuration of the 
amplifier. From these plots the following curve fitting equa 
tions were determined: 

g(D)=0.4752D 96-0.7232 
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0027 FIG. 3C similarly illustrates a plot of gas a function 
of duty cycle D for a given configuration of the amplifier, 
from which curve fitting arrives at the following equation for 

0028. The above equations forg (D), g(D) and g(D) are 
valid, to the first order, for a general class-EPA design (with 
a finite drain inductance) assuming: (a) instantaneous Switch 
ing, (b) Zero Switch ON resistance, and (c) disregarding 
higher order Switching harmonics. 
0029. Although values of g (D), g(D) and g(D) will vary 
for any specific implementation, a useful design would still 
result, however, with somewhat less efficiency. While not 
necessary, for any specific configuration, a designer can ana 
lytically, or from circuit simulations, derive and plot these 
functions in response to duty cycle and create a set of equa 
tions expressing optimum values of g (D), g(D) and g(D) 
for that configuration. 
0030 FIG. 4 illustrates an example embodiment 30 of the 
inventive ZVS contour based outphasing power amplifier 
network with PA1 32 and PA2 34 configured for receiving 
variable duty cycle drive signals shown in block 36. The 
output of PA132 and PA234 is coupled to a load, represented 
as R, through transformer T. It should be noted that other 
forms of power coupling can be alternatively utilized, without 
departing from the teachings of the present invention, includ 
ing transmission lines, lumped element networks, and so 
forth which are forms of power combiner. 
0031 Driving signals Ve' and Ve' have variable duty 
cycles and relative phase, and are seen generated by a phase 
control circuit (PCC). In addition, the driving signals Ve" and 
Ve' can provide phase modulation To those versed in out 
phasing PA art, the block that generates the two waveforms is 
generally referred to as “signal component separator. In 
original outphasing art, this block was implemented using 
Some kind of analog amplifier control; while in more modern 
implementations a digital signal processing block is generally 
followed by, or accompanied with, a frequency/phase synthe 
sizer or a digital-to-phase converter. However, in addition to 
providing relative phase difference, the duty cycle of both 
waveforms in the present invention is also changed, and thus 
the phase control circuit shown differs significantly from the 
“signal component separator of conventional outphasing 
designs. 
0032 Signals Ve' and Ve with variable duty cycles are 
received by first and second Switching circuits, herein repre 
sented by transistors M and M, with respective drain induc 
tors L and L, preferably of the same fixed value. Output 
from the switching stage is received by the variable drain 
capacitances C (D) in PA1 and C(D) PA2, as controlled by 
signals A and B from the phase control circuit. These signals 
are received by tunable networks TN and TN, whose 
respective resistances are shown given by R/2 sin (p, and 
whose impedance is controlled by signals C and D respec 
tively from the phase control circuit PCC. According to at 
least one embodiment these tunable networks comprise at 
least a series and parallel LC network, or equivalent, an 
example of which is seen in FIG. 5. 
0033. The desired output power level (or desired back-off 
from nominal peak output power) is mapped appropriately to 
a chosen duty cycle D according to g (D). The chosen duty 
cycle D is mapped appropriately according to g (D) and 
g(D) in controlling the value of the tunable networks, which 
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preferably include variable capacitors. It should be noted that 
the load is typically not sensed in modern implementations to 
determine (p, although sensing is not precluded. It should be 
appreciated that the duty cycle dynamically changed to 
achieve the desired envelope modulation. Furthermore, it 
should be appreciated that in at least one embodiment, the 
various component values, can also be changed dynamically 
to achieve the desired envelope modulation. 
0034 FIG. 5 illustrates an example embodiment 40 of a 
wide dynamic range Zero Voltage Switching (ZVS) contour 
based switching power amplifier having PA1 42 and PA244 
in like manner as FIG. 4, yet showing the inductive and 
capacitive contributions within the tunable networks, and 
outputting to a power combiner (PCOM) 46 connected to a 
load, represented as R. For the sake of simplicity of illustra 
tion FIG. 5 does not depict the waveforms and phase control 
circuits shown in FIG. 4, although they are presumed to be 
utilized with this figure as well. 
0035) Signals Ve' and Ve with variable duty cycles, are 
received by first and second Switching circuits, herein repre 
sented by transistors M and M. Inductors L and L. 
preferably of the same fixed value, are again seen in the drain 
connection to V, power, withoutput waveformsVs and Vs 
shown in the schematic. Output from the Switching stage is 
received by the variable drain capacitances C (D) in PA1 and 
C(D) PA2 prior to reaching the bandpass filters BPF148 and 
BPF252, which are shown comprising capacitor C in series 
with inductor L in BPF 1 and C in series with inductor L in 
BPF2. Output from the bandpass filters is input to an induc 
tive lead circuit L(cp) 50 in PA1 comprising parallel fixed 
inductor La and variable capacitor C, (D), while in PA2 a 
capacitive lag circuit C(p) 54 is seen comprising parallel 
fixed inductor L. and variable capacitor C, (D). The output 
is directed to the load R, through a circuit here exemplified as 
a power combiner (PCOM) 46. 
0036. It should be appreciated that since the tunable net 
work also provides overcoming stray parasitic capacitance 
and/or inductance, it requires more than a bandpass filter in 
combination with a variable load capacitance. It will be noted 
that in the absence of any stray parasitics, Z and Z would be 
capacitive and inductive (or vice versa). Since C (D) and 
C(D) are used to tune out the reactive portions of Z and Z. 
they both can’t be implemented as simple capacitor arrays. At 
least one of them has to include an inductor in parallel. In the 
presence of Stray parasitics, such as from the transformer, 
then both C. (D) and C(D) preferably comprise capacitor 
arrays in parallel with fixed inductors. 
0037. The following sections refer generally to FIG. 4 and 
FIG. 5. The variable capacitors of these inventive amplifiers 
can be implemented in any desired manner, such as compris 
ing Varactors, digital capacitor banks or combinations 
thereof. These digital capacitor banks are preferably imple 
mented as parallel banks of capacitors of various sizes with 
series switches that could be turned ON or OFF, thus selecting 
or deselecting the capacitors. Digital circuits (e.g., dedicated 
logic circuits and/or memory blocks such as lookup tables) 
preferably map the digital duty cycle value D to a set of 
controls from which buffers/drivers accordingly drive the 
state of these switches. In at least one embodiment, the dedi 
cated logic circuits and/or lookup tables themselves employ 
intelligence to overcome inevitable errors in the component 
values of the capacitor banks. Varactor-based implementa 
tions preferably employ additional control circuits, such as 
digital-to-analog converter circuits, to generate the appropri 
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ate control waveforms for the Varactors. In either case, timing 
synchronization circuits (e.g., flip-flops) may be used in one 
or more embodiments to “time' the change of the capacitor 
value, which is an important consideration on providing a 
proper output. 
0038 Signals Ve' and Ve' arrive as digital inputs to the 
two PA circuits which are generated out of phase with one 
another by a time valuet given by t-?pT/180°, which is seen in 
the leftmost dashed block of FIG. 4, while T is the period of 
these first and second drive signals that drives the gates of 
switching stages in the PA circuits, exemplified by MOSFET 
transistor devices M and M, although other forms of elec 
trical Switching elements may be utilized without departing 
from the teachings of the present invention. It will be noted 
that the Switching stages of these PA circuits may alterna 
tively comprise multiple transistors without departing from 
the teachings herein. The drain Supplies of the Switching 
stages, such as on the drain of transistors M and M, are 
coupled to V, power through preferably fixed inductors 
with value L, which are shown in FIG. 4 and FIG.5 as L. 
and L for the respective PAS. It will be noted that the 
inductor itself does not assure Zero Voltage Switching, but 
operates in combination with the transformer combiner, the 
device capacitances, and the additional passive components 
(e.g., drain cap array and load cap array) so that the dynamics 
of the resultant network assures ZVS for a specific duty cycle 
D. The sources of these Switching stages are coupled to 
ground, exemplified as the source lead of transistors M and 
M. connected to ground. The outputs of the Switching stages 
each have a parallel variable drain capacitor array C(D), 
which are shown in FIG. 4 and FIG.5 as C. (D) and C(D) for 
the respective PAs, preceding a tunable network, shown with 
parameters controlled by signals Cand D, respectively for the 
first and second PA. 

0039. In at least one embodiment, the tunable networks 
comprise a series connected band-pass filter which deter 
mines the fundamental frequency and a parallel load induc 
tance and variable load capacitor array C (D) and C(D) as 
clearly shown in FIG. 5. An inductive load L, and different 
variable load capacitor arrays C. (D) and C(D) are prefer 
ably connected in parallel with the output of the bandpass 
filters, within the respective tunable networks. Output from 
the respective tunable networks drives the load, preferably 
through a power combiner, such as transformer T which 
drives R. 
0040. The variable elements exemplified in FIG. 4 and 
FIG. 5, are controlled by an external circuit, with C (D) and 
C(D) variable capacitances controlled by a circuit Such as 
exemplified by the phase control circuit PCC depicted in FIG. 
4 outputting signals A and B in response to duty cycle. Addi 
tionally, signals C and D, of that figure are output for control 
ling characteristics of the respective tunable networks. Such 
as controlling the tunable networks TN and TN, and more 
specifically the value of variable capacitances C. (D) and 
C(D) as seen in FIG. 5 that are part of tunable stages 
(networks). The value of variable capacitances C. (D) and 
C(D) are controlled in response to selecting impedance 
values for the first and second PAs, these being determined for 
example using the equations for Z and Z. In at least one 
embodiment, the signals A, B, C and D comprise digital buses 
controlling the respective capacitor arrays. It should be appre 
ciated that the drain and load capacitor arrays may be of 
different sizes, whereby the number of control signals on the 
digital bus would also be different. In other words, the map 
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pings from D to C(D), C (D) and C(D) can be different as 
required. These variable capacitances are preferably con 
trolled digitally by a digital circuit, herein exemplified as 
being part of the phase control circuit (PCC) shown in FIG. 4. 
0041. It will be noted that the exemplified phase control 
circuit shown in FIG. 4, provides means for generating the 
first drive signal and the second drive signal at a desired duty 
cycle and varying the phase difference between the first drive 
signal and the second drive signal to maintain efficiency of the 
power amplifier apparatus in response to a varying output 
load. The phase control circuit also preferably includes pre 
distortion logic in the control signals as is common in most PA 
circuits to correct linearity errors in the inventive power 
amplifier. In addition, the exemplified phase control circuit of 
this embodiment provides means for varying capacitances of 
the first variable drain capacitor array and the second variable 
drain capacitor array in response to duty cycle. Still further, 
the exemplified phase control circuit of this embodiment pro 
vides means for differentially varying capacitances of the first 
variable load capacitor array and the second variable load 
capacitor array in response to the duty cycle, the equations on 
Z and Z and the functioning of g (D) and g(D) as 
described. Said another way, for each output power level, 
there would be a corresponding set of relative phase, 2(p, duty 
cycle, D, C(D), C (D) and C(D). The interoperational 
relationship between these parameters is given by equations 
Z and Z and the functioning of g (D) and g(D) and g(D). 
0042. One of ordinary skill in the art will appreciate that 
these control signals can be generated by a wide range of 
circuits, including computer processors (e.g., digital signal 
processor (DSP) chips), processor controlled devices, logic 
circuits and arrays (fixed & programmable), application spe 
cific integrated circuits (ASICs), and so forth. 
0043. In the embodiments shown, the drain capacitor bank 
C(D) (depicted as C. (D) and C(D)) comprises a digitally 
controlled capacitance which is varied as a function of duty 
cycle D. The minimum value of this drain capacitance is 
determined by transistor sizing considerations. The inductor 
L (depicted as L. and L2) is preferably fixed and its 
value determined using the function g1(D) for a 50% duty 
cycle. In order to eliminate the unwanted inductive and 
capacitive components of Z and Z, a tunable impedance 
network consisting of two load capacitor banks, C. (D) and 
C(D) and a fixed inductor L are preferably utilized. 
Ideally, this architecture would yield upwards of 100% effi 
ciency due to its ZVS contour based design and out-phasing 
arrangement. However, it is limited by the finite Q of the L. 
inductor, which presents a resistance Ray Coa?t in par 
allel with the effective load resistance, (R/2 sincp). This 
effect becomes dominant only when R becomes compa stray 
rable to (R/2 sincp). The load capacitor banks, C, (D) and 
C(D), have almost negligible losses and hence have practi 
cally no effect on overall efficiency. 
0044. It should be understood that Z and Z are the 
respective impedances seen by the two power amplifiers, one 
is dominantly capacitive, and the other is dominated by induc 
tance. The reactive components of Z and Z are tuned out by 
C. (D) and C(D). By picking the relative phase 2p, accord 
ing to the duty cycle, it is assured that ZVS is maintained 
because the resistive portion changes with changes in (p. 
0045. For instance, suppose Z is capacitive and Z is 
inductive. Then, the reactive part of Z is tuned out simply by 
using a capacitor array, C(D). However, to tune out the 
reactive part of Z, a variable inductor is needed; which is 
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generally not practical. So, instead, the combination of an 
inductor and a capacitor array C (D) is used to tune out 
capacitive Z. 
0046. In addition, the capacitor arrays can also be chosen 
to simultaneously tune out any unwanted inductive and 
capacitive components, which primarily comprise stray para 
sitics, for example parasitic capacitance of the transformer 
primary coils. 
0047. It should be appreciated that ZVS conditions may 
not be maintained for large values of back-off, in view of the 
practical limitations on how Small a duty cycle can be real 
ized. However, these larger back-off values are still attainable 
in response to reducing the relative phase 2p, and accordingly 
changing the tunable networks as in a conventional outphas 
ing PA with programmable termination. It will be appreci 
ated, however, that ZVS conditions are no longer satisfied and 
efficiency drops for further back-off. Therefore, below the 
lowest achievable duty cycle, the architecture of the invention 
then operates in a manner more similar to a conventional 
outphasing PA, thus in this trade-off the present invention 
provides even further dynamic range as a trade-off with effi 
ciency. 

0048. The advantages of the inventive PA circuit are mul 
tifold and readily apparent, as a solution which maintains 
constant drain efficiency over a wide dynamic range. The 
design offers not only constant efficiency but also improves 
upon the dynamic range. It will be noted that the inventive PA 
architecture allows wide modulation bandwidths and is free 
from many of the problems faced by traditional PA architec 
tures, such as envelope-phase mismatch common to polar 
architectures that is significantly alleviated by the absence of 
an explicit envelope filter. 
0049. The inventive circuit has been verified using realis 

tic transistor level circuit simulation in 0.13 um CMOS. Real 
istic models for passives have been obtained from ASITIC 
which stands for Analysis and Simulation of Spiral Inductors 
and Transformers for ICs, which were used in the simula 
tions. The architecture has also been verified (without modu 
lation) using measurements on 100 MHZ discrete PAS. The 
relative phase 2p was swept in a static sense and the duty cycle 
D and the variable components were changed accordingly 
and was shown that efficiency remains high and relatively 
COnStant. 

0050. The increasing sophistication of wireless communi 
cation technologies, particularly in power conscious portable 
devices, has made efficient, wide bandwidth, linear power 
amplifiers (PAS) that handle high peak-to-average signal 
power ratios (PAR) critically important. In any transmitter 
chain, the power amplifiers are the major source of power 
consumption, and alone account for about 70-80% of total 
power consumption in any transmitter chip. The inventive 
power amplifier maintains close to peak efficiency over the 
wide dynamic range of modulation schemes and achieves 
significant battery power conservation. The invention makes 
it possible to efficiently generate high power, wide bandwidth 
modulated radio frequency signals from low Voltage Supplies 
with a high degree of linearity The invention can be utilized in 
great benefit in power control applications where high speed 
modulation is not required (e.g., no modulation or very low 
modulation) but simple back-off is desired. For example, the 
invention would be particularly well-suited for use in cellular 
and other wireless transceivers. 
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0051. From the discussion above it will be appreciated that 
the invention can be embodied in various ways, including the 
following: 
0.052 1. A Zero-voltage-switching contour based outphas 
ing power amplifier apparatus, comprising: (a) a first power 
amplifier configured to receive a first drive signal at an input 
and having an output configured for connection to a first side 
of a load, said first power amplifier comprising: a first tran 
sistor Switching stage configured to be driven by said first 
drive signal; a first Zero Voltage Switching inductance having 
a fixed value on the drain of said first transistor switching 
stage; a first variable drain capacitor array coupled in parallel 
to an output from said first transistor Switching stage; a first 
bandpass filter in series with the output from said first tran 
sistor Switching stage; a first variable load capacitor array 
coupled in parallel to an output from said first bandpass filter; 
and a first load inductance having a fixed value coupled in 
parallel to the output from said first bandpass filter; (b) a 
second power amplifier configured to receive a second drive 
signal at an input and having an output configured for con 
nection to a second side of the load, said second power ampli 
fier comprising: a second transistor Switching stage config 
ured to be driven by said second drive signal; a second Zero 
Voltage Switching inductance having a fixed value on the 
drain of said first transistor Switching stage; a second variable 
drain capacitor array coupled in parallel to an output from 
said second transistor Switching stage and having capacitance 
which is varied as a function of duty cycle; a second bandpass 
filter in series with said output from said second transistor 
Switching stage; a second variable load capacitor array 
coupled in parallel to an output from said second bandpass 
filter, and a second load inductance having a fixed value 
coupled in parallel to an output from said second bandpass 
filter; (c) means for generating said first drive signal and said 
second drive signal at a desired duty cycle and varying the 
phase difference between said first drive signal and said sec 
ond drive signal to maintain efficiency of said power amplifier 
apparatus in response to a varying output load; (d) means for 
varying capacitances of said first variable drain capacitor 
array and said second variable drain capacitor array in 
response to duty cycle; and (e) means for differentially vary 
ing capacitances of said first variable load capacitor array and 
said second variable load capacitor array in response to deter 
mining impedance values for said first power amplifier and 
said second power amplifier. 
0053 2. The apparatus of any of the preceding embodi 
ments, wherein said means for varying capacitances of said 
first variable drain capacitor array and said second variable 
drain capacitor array comprises a digital control circuit. 
0054 3. The apparatus of any of the preceding embodi 
ments, wherein said means for differentially varying capaci 
tances of said first variable load capacitor array and said 
second variable load capacitor array comprises a control cir 
cuit. 
0055 4. The apparatus of any of the preceding embodi 
ments, wherein said means for generating said first drive 
signal and said second drive signal at a desired duty cycle and 
varying the duty cycle comprises a control circuit. 
0056 5. The apparatus of any of the preceding embodi 
ments, wherein said phase difference results in a time differ 
ence between said first and second drive signals given by 
t-pT/180°, in which tis time between corresponding edges in 
said first and second drive signals, while T is wavelength 
period for these first and second drive signals. 
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0057 6. The apparatus of any of the preceding embodi 
ments, wherein said phase difference between said first drive 
signal and said second drive signal presents an effective 
impedance of Z to said first power amplifier and Z to said 
second power amplifier, given by, 

Z = (Vcose + ivsin) 
F j2Vsing 

R (1 -icotsp) 

Z = (-V cosp + i Vsingp) 
2 F i2Vsinge L. 

R (1 +icotsp) 

in which V is input Voltage level, R is load resistance, and 
refers to this being in the imaginary number plane, and p is 
said phase difference. 
0058 7. The apparatus of any of the preceding embodi 
ments, wherein said first drive signal and said second drive 
signal are out of phase with one another by a phase difference 
of 2(p. 
0059 8. The apparatus of any of the preceding embodi 
ments, wherein peak efficiency is maintained even under 
back-off conditions in response to selection of component 
values assuring Zero Voltage Switching (ZVS) conditions are 
met at varying duty cycles. 
0060 9. The apparatus of any of the preceding embodi 
ments, wherein selecting component values involves varying 
the drain capacitance C and the equivalent resistance for a 
fixed Lalong with variation of said duty cycle based on the 
load. 
0061 10. The apparatus of any of the preceding embodi 
ments, wherein values of drain capacitance C and equivalent 
resistance R are selected for a fixed Zero voltage switching 
transistor drain inductance L with duty cycle D according 
tO 

Cool ZVS 
R ég 

and 

in which g (D) and g(D) are determined to ensure ZVS 
Switching. 
0062 11. The apparatus of any of the preceding embodi 
ments, further comprising a transformer, with a first winding 
having a first end coupled to the output of said first power 
amplifier and a second end coupled to the output of said 
second power amplifier, and a second winding, magnetically 
coupled to said first winding, configured for driving the load. 
0063. 12. A Zero-voltage-switching contour based out 
phasing power amplifier apparatus, comprising: (a) a first 
power amplifier configured to receive a first drive signal at an 
input and having an output configured for connection to a first 
side of a load, said first power amplifier comprising: a first 
transistor Switching stage configured to be driven by said first 
drive signal; a first Zero Voltage Switching inductance having 
a fixed value on the drain of said first transistor switching 
stage; a first variable drain capacitor array coupled in parallel 
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to an output from said first transistor Switching stage; a first 
bandpass filter in series with the output from said first tran 
sistor Switching stage; a first variable load capacitor array 
coupled in parallel to an output from said first bandpass filter; 
and a first load inductance having a fixed value coupled in 
parallel to the output from said first bandpass filter; (b) a 
second power amplifier configured to receive a second drive 
signal at an input and having an output configured for con 
nection to a second side of the load, said second power ampli 
fier comprising: a second transistor Switching stage config 
ured to be driven by said second drive signal; a second Zero 
Voltage Switching inductance having a fixed value on the 
drain of said first transistor Switching stage; a second variable 
drain capacitor array coupled in parallel to an output from 
said second transistor Switching stage and having capacitance 
which is varied as a function of duty cycle; a second bandpass 
filter in series with said output from said second transistor 
Switching stage; a second variable load capacitor array 
coupled in parallel to an output from said second bandpass 
filter, and a second load inductance having a fixed value 
coupled in parallel to an output from said second bandpass 
filter; (c) a digital control circuit for generating said first drive 
signal and said second drive signal at a desired duty cycle and 
varying the phase difference between said first drive signal 
and said second drive signal to maintain efficiency of said 
power amplifier apparatus in response to a varying output 
load; (d) a control circuit for varying capacitances of said first 
variable drain capacitor array and said second variable drain 
capacitor array in response to duty cycle; and (e) a control 
circuit for differentially varying capacitances of said first 
variable load capacitor array and said second variable load 
capacitor array in response to determining impedance values 
for said first power amplifier and said second power amplifier; 
(f) wherein peak efficiency of said power amplifier apparatus 
is maintained even under back-off conditions so that Zero 
Voltage Switching (ZVS) conditions are met at varying duty 
cycles. 
0064 13. The apparatus of any of the preceding embodi 
ments, wherein said phase difference results in a time differ 
ence between said first and second drive signals given by 
t-pT/180°, in which tis time between corresponding edges in 
said first and second drive signals, while T is the period of 
these first and second drive signals. 
0065. 14. The of any of the preceding embodiments, 
wherein said phase difference between said first drive signal 
and said second drive signal presents an effective impedance 
of Z to said first power amplifier and Z to said second power 
amplifier, given by, 

Vcos(p+ i Vsin Z = ( t sp) R 
i2Vsinge 

R = (1-jcote) 
(-V cosp + i Vsingp) 

i2Vsinge 
R (1 +icotsp) 

in which V is the input Voltage level, R is load resistance, and 
refers to this being in the imaginary number plane. 
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0066 15. The apparatus of any of the preceding embodi 
ments, wherein said first drive signal and said second drive 
signal are out of phase with one another by a phase difference 
of 2(p. 
0067. 16. The apparatus of any of the preceding embodi 
ments, wherein selecting component values involves varying 
the drain capacitance C and the equivalent resistance for a 
fixed Lalong with variation of said duty cycle based on the 
load. 
0068 17. The apparatus of any of the preceding embodi 
ments, wherein values of drain capacitance C and equivalent 
resistance R are selected for a fixed Zero voltage switching 
transistor drain inductance L with duty cycle D according 
tO 

Coo LZVS 
Reg 

and cooCR g2(D) in which g (D) and g2(D) are determined 
to ensure ZVS switching. 
0069. 18. The apparatus of any of the preceding embodi 
ments, further comprising a transformer, with a first winding 
having a first end coupled to said first power amplifier and a 
second end coupled to said second power amplifier, and a 
second winding, magnetically coupled to said first winding, 
and configured for driving the load. 
0070. 19. A Zero-voltage-switching contour based out 
phasing power amplifier apparatus, comprising: a first power 
amplifier having a Switching transistor with a drain inductor 
for Zero Voltage Switching, said first power amplifier config 
ured to receive a first drive signal at an input and having an 
output configured for connection to a first side of a load; a 
second power amplifier having a Switching transistor with a 
drain inductor for Zero Voltage Switching, said second power 
amplifier configured to receive a second drive signal at an 
input and having an output configured for connection to a 
second side of the load; a variable drain capacitor array 
coupled in parallel on an output of the Switching transistor in 
each of said first and second power amplifier, whereincapaci 
tance of said variable drain capacitor array is varied in 
response to duty cycle; a variable load capacitor array 
coupled in parallel at the output of said first and second power 
amplifier near the load, wherein capacitance of said variable 
load capacitor array are varied differently on said first and 
said second power amplifier in response to determining 
impedance values for said first power amplifier and said sec 
ond power amplifier; and a band-pass filter within said first 
power amplifier and said second power amplifier coupled 
between said variable drain capacitor array and said variable 
load capacitor array; wherein efficiency of said power ampli 
fier apparatus is maintained despite a varying output load, in 
response to receiving said first drive signal and said second 
drive signal with a phase difference that is responsive to load 
conditions. 

0071. 20. The apparatus of any of the preceding embodi 
ments, further comprising a digital control circuit for gener 
ating said first drive signal and said second drive signal, and 
adjusting the capacitance of said variable drain capacitor 
arrays in response to load, and separately adjusting the 
capacitance of said variable load capacitor array in response 
to determining impedance values for said first power ampli 
fier and said second power amplifier. 
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0072 Although the description above contains many 
details, these should not be construed as limiting the scope of 
the invention but as merely providing illustrations of some of 
the presently preferred embodiments of this invention. There 
fore, it will be appreciated that the scope of the present inven 
tion fully encompasses other embodiments which may 
become obvious to those skilled in the art, and that the scope 
of the present invention is accordingly to be limited by noth 
ing other than the appended claims, in which reference to an 
element in the singular is not intended to mean “one and only 
one' unless explicitly so stated, but rather “one or more.” All 
structural and functional equivalents to the elements of the 
above-described preferred embodiment that are known to 
those of ordinary skill in the art are expressly incorporated 
herein by reference and are intended to be encompassed by 
the present claims. Moreover, it is not necessary for a device 
or method to address each and every problem sought to be 
solved by the present invention, for it to be encompassed by 
the present claims. Furthermore, no element, component, or 
method step in the present disclosure is intended to be dedi 
cated to the public regardless of whether the element, com 
ponent, or method step is explicitly recited in the claims. No 
claim element herein is to be construed under the provisions 
of 35 U.S.C. 112, sixth paragraph, unless the element is 
expressly recited using the phrase “means for 
What is claimed is: 
1. A Zero-Voltage-Switching contour based outphasing 

power amplifier apparatus, comprising: 
(a) a first power amplifier configured to receive a first drive 

signal at an input and having an output configured for 
connection to a first side of a load, said first power 
amplifier comprising: 
a first transistor Switching stage configured to be driven 
by said first drive signal; 

a first Zero Voltage Switching inductance having a fixed 
value on the drain of said first transistor Switching 
Stage, 

a first variable drain capacitor array coupled in parallel 
to an output from said first transistor Switching stage; 

a first bandpass filter in series with the output from said 
first transistor Switching stage; 

a first variable load capacitor array coupled in parallel to 
an output from said first bandpass filter, and 

a first load inductance having a fixed value coupled in 
parallel to the output from said first bandpass filter; 

(b) a second power amplifier configured to receive a second 
drive signal at an input and having an output configured 
for connection to a second side of the load, said second 
power amplifier comprising: 
a second transistor Switching stage configured to be 

driven by said second drive signal; 
a second Zero Voltage Switching inductance having a 

fixed value on the drain of said first transistor switch 
ing stage; 

a second variable drain capacitor array coupled in par 
allel to an output from said second transistor Switch 
ing stage and having capacitance which is varied as a 
function of duty cycle; 

a second bandpass filter in series with said output from 
said second transistor Switching stage; 

a second variable load capacitor array coupled in parallel 
to an output from said second bandpass filter; and 

a second load inductance having a fixed value coupled in 
parallel to an output from said second bandpass filter; 
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(c) means for generating said first drive signal and said 
second drive signal at a desired duty cycle and varying 
the phase difference between said first drive signal and 
said second drive signal to maintain efficiency of said 
power amplifier apparatus in response to a varying out 
put load; 

(d) means for varying capacitances of said first variable 
drain capacitor array and said second variable drain 
capacitor array in response to duty cycle; and 

(e) means for differentially varying capacitances of said 
first variable load capacitor array and said second vari 
able load capacitor array in response to determining 
impedance values for said first power amplifier and said 
second power amplifier. 

2. The apparatus recited in claim 1, wherein said means for 
varying capacitances of said first variable drain capacitor 
array and said second variable drain capacitor array com 
prises a digital control circuit. 

3. The apparatus recited in claim 1, wherein said means for 
differentially varying capacitances of said first variable load 
capacitor array and said second variable load capacitor array 
comprises a control circuit. 

4. The apparatus recited in claim 1, wherein said means for 
generating said first drive signal and said second drive signal 
at a desired duty cycle and varying the duty cycle comprises 
a control circuit. 

5. The apparatus recited in claim 1, wherein said phase 
difference results in a time difference between said first and 
second drive signals given by t-?pT/180°, in which t is time 
between corresponding edges in said first and second drive 
signals, while T is wavelength period for these first and sec 
ond drive signals. 

6. The apparatus recited in claim 5, wherein said phase 
difference between said first drive signal and said second 
drive signal presents an effective impedance of Z to said first 
power amplifier and Z to said second power amplifier, given 
by, 

Z (Vcosp + i Vsinge) 
i2Vsingp 

R = (1-jcote) 
- Vicosco + i Vsin z - V't Jin), i2Vsinge 
R (1 +icotsp) 

in which V is input Voltage level, R is load resistance, and 
refers to this being in the imaginary number plane, and p is 
said phase difference. 

7. The apparatus recited in claim 1, wherein said first drive 
signal and said second drive signal are out of phase with one 
another by a phase difference of 2(p. 

8. The apparatus recited in claim 1, wherein peakefficiency 
is maintained even under back-off conditions in response to 
selection of component values assuring Zero Voltage Switch 
ing (ZVS) conditions are met at varying duty cycles. 

9. The apparatus recited in claim 8, wherein selecting com 
ponent values involves varying the drain capacitance C and 
the equivalent resistance for a fixed L along with variation 
of said duty cycle based on the load. 
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10. The apparatus recited in claim 8, wherein values of 
drain capacitance Cand equivalent resistance Rare selected 
for a fixed Zero Voltage Switching transistor drain inductance 
L with duty cycle D according to 

ég 

and 

in which g (D) and g(D) are determined to ensure ZVS 
Switching. 

11. The apparatus recited in claim 1, further comprising a 
transformer, with a first winding having a first end coupled to 
the output of said first power amplifier and a second end 
coupled to the output of said second power amplifier, and a 
second winding, magnetically coupled to said first winding, 
configured for driving the load. 

12. A Zero-voltage-Switching contour based outphasing 
power amplifier apparatus, comprising: 

(a) a first power amplifier configured to receive a first drive 
signal at an input and having an output configured for 
connection to a first side of a load, said first power 
amplifier comprising: 
a first transistor Switching stage configured to be driven 
by said first drive signal; 

a first Zero voltage switching inductance having a fixed 
value on the drain of said first transistor Switching 
Stage, 

a first variable drain capacitor array coupled in parallel 
to an output from said first transistor Switching stage; 

a first bandpass filter in series with the output from said 
first transistor Switching stage; 

a first variable load capacitor array coupled in parallel to 
an output from said first bandpass filter, and 

a first load inductance having a fixed value coupled in 
parallel to the output from said first bandpass filter; 

(b) a second power amplifier configured to receive a second 
drive signal at an input and having an output configured 
for connection to a second side of the load, said second 
power amplifier comprising: 
a second transistor Switching stage configured to be 

driven by said second drive signal; 
a second Zero Voltage Switching inductance having a 

fixed value on the drain of said first transistor switch 
ing stage; 

a second variable drain capacitor array coupled in par 
allel to an output from said second transistor Switch 
ing stage and having capacitance which is varied as a 
function of duty cycle; 

a second bandpass filter in series with said output from 
said second transistor Switching stage; 

a second variable load capacitor array coupled in parallel 
to an output from said second bandpass filter; and 

a second load inductance having a fixed value coupled in 
parallel to an output from said second bandpass filter; 

(c) a digital control circuit for generating said first drive 
signal and said second drive signal at a desired duty 
cycle and varying the phase difference between said first 
drive signal and said second drive signal to maintain 
efficiency of said power amplifier apparatus in response 
to a varying output load; 
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(d) a control circuit for varying capacitances of said first 
variable drain capacitor array and said second variable 
drain capacitor array in response to duty cycle; and 

(e) a control circuit for differentially varying capacitances 
of said first variable load capacitor array and said second 
variable load capacitor array in response to determining 
impedance values for said first power amplifier and said 
second power amplifier, 

(f) wherein peak efficiency of said power amplifier appa 
ratus is maintained even under back-off conditions so 
that Zero voltage switching (ZVS) conditions are met at 
varying duty cycles. 

13. The apparatus recited in claim 12, wherein said phase 
difference results in a time difference between said first and 
second drive signals given by t-?pT/180°, in which t is time 
between corresponding edges in said first and second drive 
signals, while T is the period of these first and second drive 
signals. 

14. The apparatus recited in claim 13, wherein said phase 
difference between said first drive signal and said second 
drive signal presents an effective impedance of Z to said first 
power amplifier and Z to said second power amplifier, given 
by, 

Z (Vcos(p+ i Vsinp) 
i2Vsingp 

R = (1-jcote) 
(-V cosp + i Vsingp) 

Z2 = - - rst i2Vsinge 
R (1 +icotsp) 

in which V is the input Voltage level, R is load resistance, and 
refers to this being in the imaginary number plane. 
15. The apparatus recited in claim 12, wherein said first 

drive signal and said second drive signal are out of phase with 
one another by a phase difference of 2(p. 

16. The apparatus recited in claim 15, wherein selecting 
component values involves varying the drain capacitance C 
and the equivalent resistance for a fixed Lalong with varia 
tion of said duty cycle based on the load. 

17. The apparatus recited in claim 15, wherein values of 
drain capacitance Cand equivalent resistance Rare selected 
for a fixed Zero Voltage Switching transistor drain inductance 
L with duty cycle D according to 
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Cool ZVS 
R ég 

and 

in which g (D) and g(D) are determined to ensure ZVS 
Switching. 

18. The apparatus recited in claim 12, further comprising a 
transformer, with a first winding having a first end coupled to 
said first power amplifier and a second end coupled to said 
second power amplifier, and a second winding, magnetically 
coupled to said first winding, and configured for driving the 
load. 

19. A Zero-voltage-Switching contour based outphasing 
power amplifier apparatus, comprising: 

a first power amplifier having a Switching transistor with a 
drain inductor for Zero Voltage Switching, said first 
power amplifier configured to receive a first drive signal 
at an input and having an output configured for connec 
tion to a first side of a load; 

a second power amplifier having a Switching transistor 
with a drain inductor for Zero Voltage Switching, said 
second power amplifier configured to receive a second 
drive signal at an input and having an output configured 
for connection to a second side of the load; 

a variable drain capacitor array coupled in parallel on an 
output of the Switching transistorin each of said first and 
second power amplifier, wherein capacitance of said 
variable drain capacitor array is varied in response to 
duty cycle; 

a variable load capacitor array coupled in parallel at the 
output of said first and second power amplifier near the 
load, whereincapacitance of said variable load capacitor 
array are varied differently on said first and said second 
power amplifier in response to determining impedance 
values for said first power amplifier and said second 
power amplifier; and 

aband-pass filter within said first power amplifier and said 
second power amplifier coupled between said variable 
drain capacitor array and said variable load capacitor 
array; 

wherein efficiency of said power amplifier apparatus is 
maintained despite a varying output load, in response to 
receiving said first drive signal and said second drive 
signal with a phase difference that is responsive to load 
conditions. 

20. The apparatus recited in claim 19, further comprising a 
digital control circuit for generating said first drive signal and 
said second drive signal, and adjusting the capacitance of said 
variable drain capacitor arrays in response to load, and sepa 
rately adjusting the capacitance of said variable load capaci 
tor array in response to determining impedance values for 
said first power amplifier and said second power amplifier. 

k k k k k 


