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HGH EFFICIENCY VARIABLE VOLTAGE SUPPLY 

FIELD OF THE INVENTION 

0001. The present invention relates to control of a supply 
Voltage level, in an arrangement in which the Supply Voltage 
is variable to track a reference level, which reference level 
may represent a signal to be amplified. 

BACKGROUND TO THE INVENTION 

0002 Modern communications systems often employ 
linear modulation schemes that exhibit high peak to average 
power ratios to achieve high capacity. Signals subjected to 
Such modulation have a wide dynamic range, infrequently 
achieve peak levels, and frequently operate below peak 
levels. To provide linear amplification for signals subjected 
to such modulation, traditional radio frequency (RF) ampli 
fier architectures need to be significantly backed-off. This 
generally results in poor efficiency. 
0003) A number of techniques exist to improve efficiency 
based on Supply Voltage. Notable amongst these Supply 
Voltage based efficiency enhancement schemes are those of 
envelope tracking and envelope elimination and restoration. 
0004 These two techniques improve efficiency by 
dynamically adjusting or tracking the Supply to the amplifier 
device in harmony with the envelope of the modulation 
signal to be amplified. When applied to an amplifier stage, 
the dynamic adjustment of the Supply alters the drain Supply 
or bias of the amplifier. This results in high final stage 
efficiencies. 

0005. At least three problems exist in implementing such 
dynamic Supply adjustment techniques. Firstly the need to 
modulate the Supply may require tracking bandwidths of 
three to four times the modulation bandwidth of the signal 
to be amplified, which must be generated efficiently. Sec 
ondly, any noise or distortion in the Supply to the amplifier 
will be modulated up to the carrier frequency resulting in 
unacceptable out-of-band spectral emissions. Finally, the 
Supply typically requires a high output voltage dynamic 
range and is typically required to deliver a high peak to 
average power ratio. 
0006. As a result a supply voltage modulation source not 
only needs to be efficient, but must also have a tracking 
response which is substantially accurate; has a high slew rate 
and peak power, and produces distortion that is either Small 
or bandwidth constrained and predictable. 
0007 When applied to high power broadband systems 
such as multi-carrier WCDMA (wideband code division 
multiple access), prior art attempts to address this problem 
using either Class-S modulators (pulse width modulation) or 
Class-G modulators (switched supply) exhibit unacceptable 
performance due to insufficient tracking bandwidth, exces 
sive Switching losses, or unacceptable distortion character 
istics. 

0008. It is an aim of the invention to provide an improved 
technique which addresses one or more of the above-stated 
problems. In particular it is an aim of the invention to 
provide an improved supply architecture, which offers 
improved or optimised efficiency. 

SUMMARY OF THE INVENTION 

0009. In accordance with a first aspect of the invention 
there is provided a power Supply stage, comprising: selec 
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tion means for selecting a power Supply Voltage from a high 
efficiency variable Voltage Supply in dependence on a ref 
erence signal; adjusting means for receiving the selected 
power Supply Voltage, and adapted to generate an adjusted 
selected power Supply Voltage tracking the reference signal 
in dependence thereon. 

0010 Further in accordance with the first aspect of the 
invention there is provided a power Supply stage, compris 
ing: generating means for generating a power Supply Voltage 
from a high efficiency variable Voltage Supply in dependence 
on a reference signal; adjusting means for receiving the 
generated power Supply Voltage, and adapted to provide an 
adjusted generated power Supply Voltage tracking the refer 
ence signal in dependence thereon. 
0011 The generating means may select a power supply 
Voltage from a plurality of discrete levels of Voltage Supply. 
The generating means may be a selection means. The 
generating means may provide a power Supply Voltage based 
on an approximate continuous selection. 
0012. The output efficiency of the high efficiency variable 
Voltage Supply may be greater than 0.7. 
0013 The power supply stage may further comprise a 
lower efficiency Supply for Supplying the adjusting means. 
The output efficiency of the adjusting means may be greater 
than 0.4. 

0014. The reference signal may comprise an input wave 
form representing a desired supply Voltage level. The high 
efficiency variable Voltage Supply may generate an interme 
diate Supply Voltage level. 

0015 The adjusting means may include a correction 
element for generating an error level representing an error 
between a desired Voltage Supply level and an output Supply 
voltage level. 
0016. The power supply stage may be adapted to maxi 
mise the efficiency of the high efficiency variable voltage 
Supply, whilst maintaining a low peak-to-average ratio for 
the error level. The power Supply stage may be adapted to 
maximise the efficiency of the high efficiency variable 
Voltage Supply, whilst maintaining a low slew rate for the 
error level. A ratio of peak error signal to peak output signal 
is preferably maintained at less than 0.5 A ratio for peak 
error signal slew rate to peak output signal slew rate is 
preferably less than 1.5. 
0017. The error level may be generated in dependence on 
the supply voltage level fed back from an output of the 
Supply Voltage stage. 

0018. The error level may be a voltage level, an energy 
level, or a power level. 
0019. The error level may be generated in dependence on 
a prediction of the Supply Voltage level at an output of the 
Supply Voltage stage. The prediction of the Supply Voltage 
level may be at least partly determined in dependence on the 
intermediate Supply Voltage level. 
0020. The adjusting means may include a combiner for 
combining the error level with an intermediate supply volt 
age level to generate the output Supply Voltage level. The 
intermediate Supply Voltage level may be adjusted by adding 
or removing Voltage or energy. 
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0021. The combiner may be adapted to sink energy, 
Source energy, or sink energy and Source energy, in depen 
dence on the error level. The combiner may be adapted to 
sink energy from, Source energy to, or sink energy from and 
Source energy to, the output of the high efficiency variable 
Voltage Supply. 
0022. The adjusting means may be configured to source 
energy to allow adjustment of the output Supply Voltage 
level above the intermediate supply voltage level. The 
adjusting means may be configured to sink energy to allow 
adjustment of the output supply voltage level below the 
intermediate Supply Voltage level. The adjusting means may 
be configured to Source and sink energy to allow adjustment 
of the output supply voltage level above and below the 
intermediate Supply Voltage level. 
0023 The intermediate supply power may be greater than 
an error power. The ratio of the error power to the interme 
diate supply power may be much less than 1. The ratio of the 
error power to the intermediate Supply power may be less 
than 0.4. 

0024. The power associated with the signal providing the 
intermediate Supply Voltage level may be greater than the 
power associated with the signal providing the error level. 
0.025 The correction element may be configured to 
receive a continuous Supply modulation. The correction 
element may be configured to receive a Supply Switched 
between pluralities of supplies. The switched supply may be 
a Class-G or Class-H supply. 
0026. The high efficiency variable voltage supply may be 
optimised for efficiency at the expense of accuracy. The high 
efficiency variable voltage supply may be further optimised 
for transient response at the expense of accuracy. 
0027. The correction element of the adjusting means may 
be optimised to provide accurate error tracking. The correc 
tion element of the adjusting means may be further opti 
mised to deliver high peak to mean output power with good 
efficiency. The correction element of the adjusting means 
may be a linear Class-G amplifier having multiple power 
Supplies. The correction element of the adjusting means may 
be a linear Class-H amplifier having multiple power Sup 
plies. 
0028. There may be further provided a feedback from the 
high efficiency variable Voltage Supply to the selection 
means. There may be further provided a feedback from an 
output of the power Supply stage to the selection means. 
0029. The selection means may include tracking means. 
0030. In a second aspect the invention provides a power 
Supply stage having an output Supply Voltage level, com 
prising: a variable Voltage Supply, adapted to generate an 
intermediate Supply Voltage level in dependence on an input 
waveform representing a desired output Supply Voltage 
level; a correction element, adapted to generate an error 
level representing an error between the actual output Supply 
Voltage level the desired supply Voltage level; and a com 
biner for combining the error level and the intermediate 
Supply Voltage level to provide the output voltage Supply 
level. 

0031. The variable voltage supply may include a high 
efficiency Supply stage and the correction element includes 
a lower efficiency Supply stage. 
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0032. The variable voltage supply may include a supply 
stage for generating an output signal having efficiency 
greater than 0.7, and the correction element includes a 
Supply stage for generating an output signal having effi 
ciency greater than 0.4. 
0033. The output signal of the correction element may 
have a lower efficiency than an output signal of the Supply 
Stage. 

0034. The intermediate supply voltage signal may be 
associated with an intermediate power level and the error 
level signal may be associated with an error power level, the 
intermediate power level being much greater than the error 
power level. 
0035) The ratio of the error level to the intermediate 
supply voltage level may be less than 0.4. The output of the 
stage may have an efficiency of greater than 0.7. The ratios 
may be power or Voltage ratios. 
0036) The efficiency of the variable voltage supply may 
be maximised, whilst jointly minimising the peak-to-aver 
age ratio of the error level and the slew rate of the error level. 
A ratio of peak error signal to peak output signal may be 
maintained at less than 0.7, and a ratio for peak error signal 
slew rate to peak output signal slew rate may be maintained 
at less than 1.5. 

0037. The output of the stage may provide a power 
Supply to a radio frequency amplifier. 
0038. In an aspect the invention provides a method of 
controlling a power Supply stage, comprising: selecting a 
power Supply Voltage from a high efficiency variable Voltage 
Supply in dependence on a reference signal; receiving the 
selected power Supply Voltage, and adjusting the selected 
power Supply Voltage by tracking the reference signal in 
dependence thereon. 
0.039 The output efficiency of the high efficiency variable 
Voltage Supply may be maintained as greater than 0.7. 
0040. The method may further comprise providing a 
lower efficiency Supply for Supplying the adjusting means. 
The output efficiency of the adjusting means may be main 
tained as greater than 0.4. 
0041. The method may further comprise providing, as the 
reference signal, an input waveform representing a desired 
Supply Voltage level. 
0042. The method may further comprise generating an 
intermediate Supply Voltage level. 
0043. The method may comprise generating an error 
level representing an error between a desired Voltage Supply 
level and an output Supply Voltage level. 
0044) The method may further comprise combining the 
error level with the intermediate supply voltage level to 
generate the output Supply Voltage level. 
0045. The intermediate supply power may be maintained 
greater than error power. 
0046) The method may comprise maintaining the ratio of 
the error power to the intermediate Supply power as much 
less than 1. 

0047 The ratio of the error power to the intermediate 
Supply power may be maintained as less than 0.4. 
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0.048. The method may further comprise maintaining the 
power associated with the signal providing the intermediate 
Supply Voltage level as greater than the power associated 
with the signal providing the error level. 
0049. The method may further comprise minimising the 
peak amplitude of the error level. The method may further 
comprise maintaining a ratio of peak error level to peak 
output level of less than 1. The ratio of the peak error level 
to peak output level may be maintained at less than 0.7. 
0050. The method may further comprise minimising the 
slew rate of the error level. The ratio of the peak slew rate 
of error level to the peak slew rate of the output level may 
be maintained as less than 1.5. 

0051. In another aspect there is provided a method of 
controlling a power Supply stage having an output Supply 
Voltage level, comprising: generating an intermediate Supply 
Voltage level in dependence on an input waveform repre 
senting a desired output Supply Voltage level; generating an 
error level representing an error between an actual output 
Supply Voltage level the desired Supply Voltage level; and 
combining the error level and the intermediate supply volt 
age level to provide the output voltage Supply level. 
0.052 The invention may be considered to consist of a 
high efficiency, high accuracy, tracking Supply comprising 
one or more of the following elements or functionalities: a 
high efficiency variable output Supply having the ability to 
track significant transients of the input (reference) waveform 
with coarse accuracy, distortion or limited response; an 
active correction element to remove any error between the 
variable Supply output and desired output; a tracking control 
element to stimulate the high efficiency Supply and Supply 
correction elements in response to the reference waveform; 
Such feedback and control loops as required to ensure that 
the resulting supply provides a faithful representation of the 
reference waveform. 

0053 According to embodiments of the invention there is 
provided a power Supply stage, comprising: reference means 
for providing a reference signal representing a desired power 
Supply Voltage; election means for selecting an approximate 
power Supply Voltage in dependence on the reference signal; 
adjusting means for receiving the selected power Supply 
Voltage and the reference signal and adapted to generate an 
adjusted selected power Supply Voltage tracking the refer 
ence signal in dependence thereon. 
0054 The power supply stage may be for an amplifier, 
the reference signal representing the envelope of an input 
signal of said amplifier. The adjusting means may include 
linear amplifier. The selected power Supply Voltage may 
have the minimum absolute difference between said power 
Supply Voltage and the reference signal level. 
0.055 The linear amplifier may be connected to amplify 
the difference between the reference signal and a represen 
tation of the selected power Supply Voltage. The adjusting 
means may include means for Summing the amplified dif 
ference with the selected Supply Voltage. 
0056. The representation of the selected power supply 
Voltage may be the power Supply Voltage itself. The repre 
sentation of the selected power Supply Voltage may be the 
adjusted selected power Supply Voltage. The adjusted 
selected Supply Voltage may be the output of the power 
Supply stage. 
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0057 The adjusting means may comprise a plurality of 
cascaded correction circuits. The adjusting means may com 
prise two or more cascaded correction circuits. 
0058 According to embodiments of the invention the 
present invention provides a radio frequency amplification 
stage comprising: an amplifier for receiving an input signal 
to be amplified and a power Supply Voltage; and a power 
Supply Voltage stage for Supplying said power Supply volt 
age, comprising: means for providing a reference signal 
representing the envelope of the input signal; means for 
selecting an approximate Voltage level in dependence on the 
reference signal; and means for generating an adjusted 
selected power Supply Voltage, comprising a linear amplifier 
for amplifying a difference between the reference signal and 
one of the selected supply voltage level or the adjusted 
selected Supply Voltage level, and a Summer for Summing 
the amplified difference with the selected supply voltage to 
thereby generate the adjusted Supply Voltage. 

0059. The means for generating an adjusted selected 
Supply Voltage may further generate a further adjusted 
supply voltage and further comprises an RF amplifier for 
amplifying a difference between the reference signal and one 
of the adjusted Supply Voltage or the further adjusted Supply 
Voltage, and a Summer for Summing Such amplified differ 
ence with the adjusted Supply Voltage to thereby generate the 
further adjusted Supply Voltage. 

0060 One of the adjusted supply voltage or further 
adjusted supply Voltage may form the Supply voltage to the 
amplifier. 

0061 According to embodiments of the invention the 
present invention provides a method of controlling a power 
Supply stage, comprising: providing a reference signal rep 
resenting a desired power Supply Voltage; selecting an 
approximate power Supply Voltage in dependence on the 
reference signal; generating an adjusted selected power 
Supply Voltage tracking the reference signal in dependence 
on the selected power Supply Voltage and the reference 
signal. 

0062) The reference signal may represent the envelope of 
an input signal to an amplifier, the power Supply stage 
providing a power Supply to said amplifier. The difference 
between the reference signal and a representation of the 
selected power Supply Voltage may be amplified. The ampli 
fied difference may be summed with the selected supply 
voltage to form the adjusted supply voltage. The difference 
between the reference signal and a representation of the 
adjusted power Supply Voltage may be RF amplified. 

BRIEF DESCRIPTION OF THE FIGURES 

0063. The present invention is described by way of 
example with reference to the accompanying Figures, in 
which:— 

0064 FIG. 1 illustrates an envelope tracking supply 
Voltage variation technique in the prior art; 

0065 FIG. 2 illustrates a supply architecture in accor 
dance with the principles of the invention; 
0066 FIG. 3 illustrates the improvement in the envelope 
tracking Supply Voltage technique in accordance with the 
invention; 
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0067 FIG. 4 illustrates efficiency improvements obtained 
in accordance with the invention; 
0068 FIG. 5 illustrates a supply architecture in accor 
dance with a first embodiment of the invention; and 
0069 FIG. 6 illustrates a supply architecture in accor 
dance with a first embodiment of the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0070 The invention is described herein by way of par 
ticular examples and specifically with reference to a pre 
ferred embodiment or embodiments. It will be understood 
by one skilled in the art that the invention is not limited to 
the details of the specific embodiments given herein. In 
particular the invention is described herein by way of 
reference to a Supply architecture for Supplying a radio 
frequency (RF) amplification stage. However more gener 
ally the invention may apply to any arrangement where it is 
necessary to provide a variable Voltage level tracking a 
reference level. 

0071 Reference is first made to FIG. 1, which illustrates 
the concept of an envelope tracking Supply Voltage, and the 
problems associated therewith. The problem is described in 
relation to a variable Voltage Supply for a radio frequency 
(RF) amplifier, the voltage supply being varied to track the 
RF input signal to be amplified. By way of example, it is 
assumed that the variable voltage supply is provided by a 
Switchable Voltage Supply, as known in the art. 
0072 Referring to FIG. 1, there is illustrated a plot of 
Voltage against time. On the Voltage axis, there is illustrated 
four specific Voltage levels V-V corresponding to the 
Voltage levels provided to a Supply Voltage selection block. 
It should be noted that the provision of four voltage supplies 
is illustrative, and any supply Voltage selection block may in 
fact be provided with more or less voltage supplies in 
accordance with implementation requirements. 
0073 Curve 106 of FIG. 1 illustrates the voltage enve 
lope of an RF input signal to an RF amplification stage. The 
dash line curve 104 illustrates the idealised voltage supply 
envelope for Such an RF input signal. As can be seen, the 
dash line curve 104 tracks the RF input signal envelope 106 
to provide an idealised power supply voltage level for the 
input signal Voltage level. As such, the idealised power 
Supply Voltage level avoids any wasted power and conse 
quently is very efficient. 
0074 The stepped trace 108 illustrates a typical actual 
voltage supply level to an RF power amplifier based on a 
switched supply voltage of four levels, reflecting perfor 
mance typical in prior art implementations. As the envelope 
106 of the RF input signal reaches ones of the voltage levels 
V-V, the Supply Voltage is appropriately Switched. As can 
therefore be seen from FIG. 1, the supply voltage 108 steps 
between the four supply voltage levels, such that it is above 
the RF input signal at all times. As such, the Supply Voltage 
level to the RF amplifier is frequently excessive. The 
hatched area 110 in FIG. 1, for example, represents wasted 
energy, corresponding to Supply Voltage levels above the 
idealised level, which are consequently unnecessary. As 
illustrated by the hatched area 110, the stepped supply 
Voltage implementation of the prior art is generally signifi 
cantly less efficient than the idealised solution. 
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0075) A further limitation of the architecture of FIG. 1 is 
illustrated by reference numerals 111 and 113 in FIG. 1. It 
can be seen, as denoted by reference numerals 111 and 113 
that some oscillation may be included in the stepped trace 
108. Parasitic inductance and capacitance of the circuit 
implementation may result in output transients that produce 
undesirable modulation of the supplied RF amplification 
stage. As the nature of these transients is broadband and 
generally unknown they cannot be easily mitigated by 
techniques that pre-correct the modulation information. This 
lack of accurate control over the Supplied Voltage limits the 
Supplies usefulness in RF amplification. 

0076 Further problems associated with typical prior art 
arrangements are discussed in the introductory portion of the 
specification. 

0077. A preferred supply architecture in accordance with 
the preferred principles of the invention, which provides an 
improved performance over the prior art performance illus 
trated in FIG. 1, is illustrated in FIG. 2. The architecture of 
FIG. 2 represents an accurate tracking Supply, exhibiting 
high efficiency. 

0078 Referring to FIG. 2, the supply architecture is 
generally designated by reference numeral 202 and includes 
a tracking control block 206, a high efficiency variable 
supply block 204, an active supply correction block 208, and 
a combiner 222. 

007.9 The tracking control block receives an input on line 
216. The tracking control block 206 provides an output on 
line 210 to an input of the high efficiency variable supply 
204, and an output on line 214 to an input of the active 
supply correction block 208. The high efficiency variable 
Supply block provides an output on line 212 to a first input 
of the combiner 222. The active supply correction block 208 
provides an output on line 226 to a second input of the 
combiner 222. The combiner generates an output on line 
220, which forms an output Supply Voltage of the Supply 
architecture. 

0080 Certain optional connections are also shown in 
FIG. 2. An optional feedback connection 224 is shown 
connecting the output of the high efficiency variable Supply 
block 104 on line 212 to an input of the tracking control 
block 206. An optional feedback connection 218 is shown 
connecting the output of the combiner on line 220 to the 
input of the tracking control block 206 and to an input of the 
active supply correction block 208. Such optional connec 
tions are preferably employed to help ensure the resulting 
supply is a faithful representation of the reference wave 
form, as discussed with reference to FIG. 5. 

0081. It should be noted that the architecture of FIG. 2 is 
illustrative. Any element thereof may include a plurality of 
elements or components. Any connections may represent a 
plurality of connections, such as multiple signal lines, or a 
single connection, in dependence on a given implementa 
tion. 

0082 The input on line 216 represents the signal which 
the Supply Voltage is to track, and may be the actual signal 
to be tracked. The signal on line 216 is preferably a radio 
frequency (RF) envelope waveform, possibly derived from 
a signal to be amplified by an amplifier to which the Supply 
architecture 202 provides a Supply Voltage. 
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0083. The tracking control block 206 may receive on the 
input line 216 an actual signal to be amplified by an 
amplifier for which the supply architecture 202 provides a 
Supply Voltage. The tracking control block 206 may include 
an envelope detector, and provide the envelope of the input 
signal on line 216 on its output line 210, for use by the high 
efficiency supply block 204. The envelope on line 210 may 
then be used by the high efficiency supply to determine a 
voltage level to be applied on line 212. The output line 210 
may, in an embodiment, comprise a plurality of lines, 
representing a plurality of possible Switch selections for the 
high efficiency variable supply block 204, for example 
where the high efficiency variable supply block is a device 
for switching between discrete voltage levels. 
0084. The tracking control block 206 also provides a 
reference signal on line 214 to the active Supply correction 
block 208. The reference signal may be the output of an 
envelope detector, but more generally may be considered to 
be representative of the signal to which the Supply Voltage 
generated by the supply architecture 202 is to track. 
0085. The outputs of the tracking control block on lines 
210 and 214 may be the same signal, the same signal with 
different delays, different or modified versions of the same 
signal, or different signals. The tracking control block is 
configured to supply to each of the high efficiency variable 
supply block 204 and the active supply correction block 208 
any signal necessary for the operation of Such blocks in 
accordance with the principles of the invention. 
0.086 The high efficiency variable supply voltage block 
204 is preferably optimised to have high supply efficiency at 
the expense of tracking accuracy. This trade-off is further 
discussed herein. 

0087. The high efficiency variable supply block 204 
provides an intermediate Supply Voltage level at its output on 
line 212, which corresponds to what is typically referred to 
as a coarse or inaccurate tracking of the input signal on line 
216. The high efficiency variable supply is preferably of a 
Switching type and may be implemented in any one of a 
number of ways. For example, there may be provided a 
number of fixed supply voltage levels which can be switched 
between, Such that the intermediate Supply Voltage level on 
line 212 corresponds to one of Such fixed supply Voltage 
levels. 

0088. In alternative embodiments, the high efficiency 
variable Supply block 204 may include means for combining 
ones of a plurality of fixed Supply Voltage levels to generate 
the intermediate voltage supply level on line 212. The 
intermediate voltage supply level on line 212 may therefore 
be based on one or more selected Supply Voltage levels. 
0089. In a further embodiment, the high efficiency vari 
able Supply block 204 may be implemented as a poly-phase 
Class-S stage, for example using a single input Supply and 
multiple tuned combining networks selected either singu 
larly or in combination to achieve a high dynamic range. 
0090 The high efficiency variable supply voltage block is 
not limited to being one of a Switching type. Any technique 
for providing a variable tracking Voltage may be used, 
whether such technique employs Switching or otherwise. 
0091. In general, therefore, the high efficiency variable 
Supply block 204 may be considered to be a generating 

Sep. 13, 2007 

means for generating a power Supply Voltage from a high 
efficiency variable Voltage Supply in dependence on a ref 
erence signal provided thereto. Such a generating means is 
effectively a selection means, for selecting a Supply Voltage 
in a discrete or continuous manner, i.e. by selection between 
discrete values or by providing a continuous out put which 
Wa1S. 

0092. The active supply correction block 208 operates to 
provide an error level, or error signal, on line 226, which 
represents the error between the intermediate supply voltage 
level on line 212 and an idealised or desired supply voltage 
level. This error may be represented as an energy level of a 
Voltage level, for example. The idealised supply Voltage 
level is based on the level of the signal on line 216, and 
represented to the active supply correction block 208 as the 
reference signal on line 214. 
0093. In a practical implementation, in order to generate 
the error signal the active supply correction block 208 must 
be able to compare the idealised supply voltage level to a 
Supply Voltage level currently being generated. This may be 
achieved by feedback or feedforward means, in different 
embodiments. This is discussed in more detail below with 
reference to FIGS. 4 and 5. Thus the reference signal online 
214 may provide feedforward information as well as the 
reference signal, or feedback information may be provided 
via connection 218. Other methods for providing feedback 
or feed forward prediction may be used. 

0094. It should be noted that the idealised supply voltage 
level may not necessarily be the actual voltage level of the 
signal online 216, but may be an offset level from that signal 
level. Hence the idealised supply voltage level may be 
considered to be based on or derived from the level of the 
signal on line 216, and not necessarily be the actual signal 
level itself. 

0.095 The combiner 222, which is preferably a low loss 
combiner, combines the intermediate Supply Voltage level on 
line 212 with the error level, which may be a voltage level, 
on line 226, and generates an output Supply Voltage level on 
line 220. The output supply voltage level on line 220 is thus 
the intermediate Supply Voltage level, or coarse Voltage 
level, on line 212, with an error presented on line 226 
removed therefrom. As the error approximates to the differ 
ence between the intermediate voltage level and the idea 
lised Supply Voltage level, the output Supply Voltage level 
more closely approximates to the idealised Supply Voltage 
level. 

0096 Combining of the supply voltage level on line 212 
with the error level on line 226 is preferably not restricted to 
absolute addition. The error level on line 226 may add, 
subtract or add and subtract from the supply voltage level on 
line 212. The active supply correction block 208 may thus be 
adapted, for example, to Source, sink or source and sink 
energy to allow Such correction. 
0097. An adjusting means is provided by one or all of the 
tracking control block 206, the active supply correction 
block 208, and the combiner 222. The adjusting means 
receives the power Supply generated by the high efficiency 
variable Supply 204, and is adapted to provide an adjusted 
generated power Supply Voltage which tracks a reference 
signal. Such adjusting means is effectively a Voltage adjust 
ment block, operated in accordance with the principles of 
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preferred embodiments of the invention to adjust the inter 
mediate Supply Voltage level on line 212, to provide an 
adjusted output Supply Voltage level on line 220. 
0098 Referring to FIG. 3, there is illustrated the effi 
ciency improvement achieved in accordance with the inven 
tion and its embodiments. The stepped trace 302 illustrates 
the Voltage Supply generated by, in an embodiment, the 
switched supply voltages of the high efficiency variable 
supply block 204. The supply voltage 302 provided by a 
Supply architecture arranged in accordance with the prin 
ciples of the invention tracks above and below the envelope 
306. 

0099. The supply architecture in accordance with the 
invention is configured to approximately follow, as closely 
as possible, the envelope of a reference signal without 
incurring additional energy dissipation, as represented by 
hatched area 208 in FIG. 1. 

0100. The embodiments of the invention result in an 
actual supply voltage level 302 which more closely follows 
an idealised supply voltage level 304, resulting in improved 
efficiency and an intermediate Supply Voltage level which is 
more closely aligned to the idealised voltage 304. 
0101 The difference between the idealised supply volt 
age level 304 and the intermediate supply voltage level 302 
represents the error signal 226 that is required to be con 
tributed by the active supply correction block. This signal is 
by preference minimised. The error signal is combined with 
the intermediate supply voltage level 302 to produce a 
Substantially accurate representation of the idealised Supply 
voltage 304 at the supply output. 
0102) The supply architecture of the invention and 
embodiments thereof, provide a particularly improved solu 
tion in which the supply voltage level closely tracks the 
idealised supply voltage level and, as shown in FIG. 3, 
minimises wasted energy, and thereby maximises efficiency. 
0103) The tracking depicted in FIG. 3 is illustrative. In 
accordance with the requirements of a given implementa 
tion, the intermediate Supply level may be adapted to track 
above the reference signal, above and below the reference 
signal, or below the reference signal. The appropriate 
method is chosen in accordance with an optimisation of the 
Supply efficiency as described herein. 
0104. The active supply correction block 208, as dis 
cussed hereinabove, may be configured to Source energy, 
sink energy, or source and sink energy. To optimise the 
efficiency of the correction operation, it is preferable that the 
active Supply correction returns at least a portion of any 
energy Sunk to a reservoir (not shown) for future use. The 
provision of Such reservoirs is known in the art. 
0105 The invention advantageously provides a high 
bandwidth, high accuracy variable power Supply that exhib 
its a high power conversion efficiency. Further advanta 
geously, and significantly, the Supply provides a large output 
Voltage dynamic range and high peak to average power 
delivery capability. 

0106 Prior art techniques have illustrated the difficulty in 
achieving a Supply with high power conversion efficiency 
when delivering high bandwidth, dynamic range and accu 
racy. Architectures have achieved high bandwidth and/or 
dynamic range at the expense of accuracy, or accuracy at the 
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expense of bandwidth and/or dynamic range, but no solution 
addresses all three requirements at the same time. 
0.107 The supply architecture 202 overcomes the accu 
racy limitations of previous high bandwidth and/or high 
dynamic range Supply architectures by utilising a correction 
means of lesser constraint. Neither the high efficiency vari 
able supply 204 nor the adjustment means fulfil all the 
desired constraints individually. However they are arranged, 
in accordance with embodiments of the invention, such that 
in combination all of the desired constraints are met. 

0108. The optimisation of the supply architecture 202 in 
accordance with the embodiments of the invention is now 
described in further detail. 

0.109 The voltage waveforms at the combiner 222 of 
FIG. 2 can be represented by the expression: 

e(t)=f'(t)-p(t) (1) 

0110 where: 
0.111 e(t) denotes the error voltage level on line 226; 
0112 p(t) denotes the intermediate supply voltage level 
on line 212; and 

0113) 
220. 

r(t) denotes the output Supply Voltage level on line 

0114. The associated output powers (over a time interval 
T) can be expressed as follows: 

f . - E = e(t) flat (2) 
o T. ZL(t) 

T . - P = I, p(t). r lat (3) 
o T. ZL(t) 
T-fry. - R = r(t) flat (4) 

o T. Zr(t) 

0115 where 
0116 E denotes the output power on line 226; 
0117) 
0118 
0119 Z(t) denotes the load provided by the element 
connected to line 220. Here the load may be both complex 
and active, resulting in a component of current independent 
of the Voltage Supplied. 

P denotes the output power on line 212; 
R denotes the output power on line 220; and 

0.120. The ratio of the output power supplied on line 220 
to the powers required to generate the signals on lines 212 
and 216 leads to an overall supply efficiency expression of: 

R (5) 

0121 where 
0122) 
0123) 
0.124 

S denotes the output efficiency at line 220; 

S denotes the efficiency generating line 212; and 
S denoted the efficiency generating line 226. 
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0125. It is possible to express the overall efficiency in 
terms of the relative energy provided by an active correction 
element (such as element 208) versus the energy provided by 
the high efficiency variable supply 204, to provide a param 
eter k, such that k=E/P, as follows: 

8 . . . (1 + k) (6) sou - e.g. 

0126 From this expression it is observed that by ensuring 
k is much less than 1, the resulting Supply efficiency is 
dominated by the high efficiency variable supply block 204. 
The high efficiency variable supply block 204 being made 
dominant, allows the efficiency of that supply to dictate the 
overall efficiency of the supply architecture, and allows the 
efficiency of the active Supply correction block (such as 
block 208), generating the error or correction signal, to be of 
less importance. 

0127. This relationship is further illustrated in FIG. 4. For 
a fixed high efficiency supply having an efficiency S., a trade 
off may be observed between the error power ratio param 
eter, k, (i.e. the ratio of the error power E to the intermediate 
power P) and the required efficiency S. of the active cor 
rection element 208. 

0128 Shown in FIG. 4 are plots of output efficiency (S) 
against error power ratio (k) for three different correction 
supply efficiencies. Plot 406 represents a correction supply 
efficiency (S) of 0.5; plot 404 represents a correction 
Supply efficiency (S) of 0.6; and plot 402 represents a 
correction supply efficiency (S) of 0.7. 

0129. In an envelope tracking or envelope elimination 
and restoration system it is preferable for the resulting 
Supply efficiency, S, to be greater than 0.70. This typically 
corresponds to a Supply configuration having parameters in 
the preferable ranges: 5-0.7 (70%), k<0.4 (40%) and 
S>0.4 (40%). In an embodiment, for k, a still preferred 
range is k<0.3 (30%). 

cut 

0130 Hereinabove it is discussed, with reference to equa 
tion (6), that by ensuring k is much less than 1 the inter 
mediate Supply Voltage efficiency dominates the output 
efficiency. From equation (6) it is also apparent that to 
generally maximise efficiency it is desirable to maximise 
both S and S., while minimising k. Such a simple optimi 
sation of (6) will, however, ignore the effect that maximising 
S and minimising k may have on ts. 
0131 For example, an optimisation method may provide 
a high efficiency Supply 204 and adaptation (correction) 
arrangement 208 which maximises S and minimises k at the 
expense of providing an error signal characteristic having a 
very high peak to average ratio and slew rate. In the extreme 
the error signal characteristics may exceed those of the 
output waveform. Such characteristics may result in a very 
low S. efficiency and may result in an adjustment/correction 
means which is impractical to implement, thereby adversely 
affecting the overall efficiency 

0132) It is thus preferable to optimise equation (6) to 
maximise the output efficiency of the high efficiency vari 
able Supply 204, whilst maintaining a joint objective of 

cut 
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achieving a low peak-to-average ratio for the error signal 
characteristics and a low slew rate for the error signal 
characteristics. 

0.133 Preferably the high efficiency variable supply has 
Sufficient tracking accuracy to ensure that the ratio of peak 
error signal to peak output signal is less than 0.7. It is further 
desirable that the high efficiency variable supply has suffi 
cient tracking accuracy to ensure that the ratio of peak error 
signal slew rate to peak output signal slew rate is less than 
1.5. Such ratios may reflect energy ratios or Voltage ratios. 
0.134. In the absence of distortion the product of maxi 
mum slew rate and peak output may be directly related to the 
maximum bandwidth of the error signal. This optimisation 
Suggests that both the high efficiency variable Supply and the 
correction means preferably have similar output bandwidths 
that are commensurate with, or moderately exceed, the 
desired output Supply characteristics. 
0.135 From this analysis it may be determined that the 
active supply correction block 208 is preferably both sub 
stantially linear and achieves a medium level of efficiency 
with an error level signal having a moderate peak to average 
characteristic and peak slew rate commensurate with the 
output signal. 
0.136. In the preferred implementation, the active supply 
correction block 208 switches between a plurality of Sup 
plies in response to the output required at the output on line 
226, with the objective of maximising the efficiency in 
generating said signal. A preferred implementation of the 
active supply correction block 208 is as a linear class G 
amplifier that switches between multiple supplies for effi 
ciency. 

0.137 In an alternative implementation the input supply 
to the active supply correction block 208 may be selected by 
an external element, such as for example the tracking control 
block 206, based on knowledge of the correction required on 
line 226 or a prediction of Such correction. An example 
implementation of the active supply correction block 208 in 
Such an arrangement is as a linear class H amplifier that 
switches between multiple supplies for efficiency. 
0.138. The scope of efficiency improvement to the active 
correction element need not be limited to a fixed supply 
switching Class-G or Class-H operation. Efficiency 
enhancement through continuous Supply modulation tech 
niques, for example, may be provided. 
0.139. Using a high efficiency supply for coarse tracking 
in combination with a medium efficiency Supply for fine 
correction, results in a tracking Supply of Substantial accu 
racy and efficiency. 
0140. A specific implementation of a supply architecture 
to achieve the inventive effects may be obtained in a number 
of ways. 

0.141. Either one or multiple feedback loops be employed 
in controlling the high efficiency Supply and correction 
elements to ensure that the output Supply Voltage level (t) on 
line 220 is a Substantially accurate replica of the tracking 
input r(t) on line 216. The architecture of these loops may be 
either joint or independent, and nested or spanning. 
0142. In an embodiment respective independent tracking 
loops are employed on the high efficiency Supply and the 
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correction elements, with the former detecting the high 
efficiency Supply prior to Summing and the latter detecting 
the final output post-Summing. An example of Such an 
implementation is illustrated in FIG. 5. Where elements of 
FIG. 5 correspond to those shown in FIG. 2, like reference 
numerals are used. 

0143. As shown in FIG. 5, the tracking control block 206 
includes a supply control block 502, a delay block 504, and 
a combiner 506. The input reference signal on line 116 is 
provided as inputs to the supply control block 502 and the 
delay block 504. An output of the delay block on line 508 
forms a first input to the combiner 506. A second input to the 
summer 506 is provided by a feedback signal; on line 218 
from the output of the combiner 222, being the output supply 
voltage level. The output of the combiner 506 forms the 
input to the active supply correction block on line 214. 
0144. In operation, the supply control block is adapted to 
provide the necessary signal to the high efficiency variable 
supply block 204 to enable correct operation thereof. The 
supply control block 502 may, for example, be an envelope 
detector, which provides an envelope waveform on line 210. 
The supply control block may optionally receive feedback 
from the output of the high efficiency variable supply block 
on line 224. 

0145 The combiner 506 operates to combine the output 
supply voltage level on line 220 with the delayed reference 
signal level, or idealised voltage signal level, on line 508. 
The output on line 214 then represents the difference 
between the two, being the error signal. The delay element 
504 merely ensures synchronisation of the signals in the 
architecture. 

0146 In another embodiment the feedback loop archi 
tecture may be substituted for feed forward, or a combination 
of both feedback and feed-forward topologies applied. An 
application of feedforward is illustrated in FIG. 6. Where 
elements of FIG. 6 correspond to those shown in FIG. 2, like 
reference numerals are used. 

0147 A combiner 602 is provided, having a first input 
connected to receive the reference input signal on line 116. 
and a second input connected to receive the intermediate 
supply voltage level on line 212. The output of the combiner 
604 forms an input on line 604 to the active supply correc 
tion block. 

0148. In this feedforward arrangement, it can be seen that 
the output of the combiner represents the error in the 
intermediate Supply Voltage level and the reference Voltage 
level, which error can be used by the active supply correc 
tion block 208 to provide the error signal on line 226. 
0149 Where a signal or control path exists, the imple 
mentation may include Such delay elements as required to 
balance intrinsic delays within interconnect, component and 
processing elements. The design and implementation of 
such will be within the scope of one skilled in the art. 
0150. It is further anticipated that the tracking control 
element may employ prediction to reduce or balance the 
overall delays between elements of the invention. 
0151. The invention has been described herein by way of 
reference to particular preferred embodiments. However the 
invention is not limited to such embodiments. The present 
invention may be advantageously utilised in any environ 
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ment where variable or switched, selectable voltage supplies 
are provided, but finds particular utility in the provision of 
a power Supply to a radio frequency amplifier. 

The following claims are presented for examination: 
1. A power Supply stage, comprising: generating means 

for generating a power Supply Voltage from a high efficiency 
variable Voltage Supply in dependence on a reference signal; 
and adjusting means for receiving the generated power 
Supply Voltage, and adapted to provide an adjusted gener 
ated power Supply Voltage tracking the reference signal in 
dependence thereon. 

2. A power Supply stage according to claim 1 wherein the 
output efficiency of the high efficiency variable voltage 
Supply is greater than 0.7. 

3. A power Supply stage according to claim 1, further 
comprising a lower efficiency Voltage Supply for Supplying 
the adjusting means. 

4. A power Supply stage according to claim 1 wherein the 
output efficiency of the adjusting means is greater than 0.4. 

5. A power Supply stage according to claim 1 in which the 
reference signal comprises an input waveform representing 
a desired Supply Voltage level. 

6. A power Supply Voltage according to claim 1 in which 
the high efficiency variable Supply generates an intermediate 
Supply Voltage level. 

7. A power Supply Voltage according to claim 6 in which 
the adjusting means includes a correction element for gen 
erating an error level representing an error between a desired 
Voltage Supply level and an output Supply Voltage level. 

8. A power Supply stage according to claim 7 wherein the 
power Supply stage is adapted to maximise the efficiency of 
the high efficiency variable Voltage Supply, whilst maintain 
ing a low peak-to-average ratio for the error level. 

9. A power Supply stage according to claim 7 wherein the 
power Supply stage is adapted to maximise the efficiency of 
the high efficiency variable Voltage Supply, whilst maintain 
ing a low slew rate for the error level. 

10. A power Supply stage according to claim 8 wherein a 
ratio of peak error signal to peak output signal is maintained 
at less than 0.7 

11. A power Supply stage according to claim 9 wherein a 
ratio for peak error signal slew rate to peak output signal 
slew rate is less than 1.5. 

12. A power Supply Voltage according to claim 7 in which 
the error level is generated in dependence on the Supply 
Voltage level fed back from an output of the Supply Voltage 
Stage. 

13. A power Supply Voltage according to claim 7 in which 
the error level is generated in dependence on a prediction of 
the Supply Voltage level at an output of the Supply Voltage 
Stage. 

14. A power Supply Voltage according to claim 13 in 
which the prediction of the supply voltage level is at least 
partly determined in dependence on the intermediate Supply 
voltage level. 

15. A power Supply Voltage according to claim 7 in which 
the adjusting means includes a combiner for combining the 
error level with an intermediate supply voltage level to 
generate the output Supply Voltage level. 

16. A power Supply stage according to claim 15 in which 
the combiner is adapted to sink energy, Source energy, or 
sink energy and source energy, in dependence on the error 
level. 
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17. A power Supply stage according to claim 16 wherein 
the combiner is adapted to sink energy from, Source energy 
to, or sink energy from and source energy to, the output of 
the high efficiency variable Voltage Supply. 

18. A power supply according to claim 7 in which the 
intermediate Supply power is greater than an error power. 

19. A power supply according to claim 18 in which the 
ratio of the error power to the intermediate supply power is 
much less than 1. 

20. A power supply according to claim 18 in which the 
ratio of the error power to the intermediate supply power is 
less than 0.4. 

21. A power Supply according to claim 7 in which the 
power associated with the signal providing the intermediate 
Supply Voltage level is greater than the power associated 
with the signal providing the error level. 

22. A power Supply amplifier according to claim 7 in 
which the correction element is configured to receive a 
continuous Supply modulation. 

23. A power Supply amplifier according to claim 7 in 
which the correction element is configured to receive a 
supply switched between pluralities of supplies. 

24. A power Supply according to claim 23 in which the 
correction element is a linear Class-G of Class-Hamplifier 
having multiple power Supplies. 

25. A power supply according to claim 1 in which there 
is further provided a feedback from the high efficiency 
variable Voltage Supply to the generating means. 

26. A power supply according to claim 1 wherein there is 
further provided a feedback from an output of the power 
Supply stage to the generating means. 

27. A power Supply according to claim 1 wherein the 
generating means includes tracking means. 

28. A power Supply stage having an output Supply Voltage 
level, comprising: a variable Voltage Supply, adapted to 
generate an intermediate Supply Voltage level in dependence 
on an input waveform representing a desired output Supply 
Voltage level; a correction element, adapted to generate an 
error level representing an error between the actual output 
Supply Voltage level and the desired Supply Voltage level; 
and a combiner for combining the error level and the 
intermediate Supply Voltage level to provide the output 
Voltage Supply level. 

29. A power Supply stage according to claim 28 in which 
the variable Voltage Supply includes a high efficiency Supply 
stage and the correction element includes a lower efficiency 
Supply stage. 

30. A power Supply stage according to claim 28 in which 
the variable Voltage Supply includes a Supply stage for 
generating an output signal having an efficiency greater than 
0.7, and the correction element includes a Supply stage for 
generating an output signal having an efficiency greater than 
0.4. 

31. A power Supply stage according to claim 30 wherein 
the output signal of the correction element has a lower 
efficiency than an output signal of the Supply stage. 

32. A power Supply stage according to claim 28 wherein 
the intermediate Supply Voltage has an intermediate power 
level and the error level has an error power level, the 
intermediate Supply Voltage level being much greater than 
the error level. 

33. A power Supply stage according to claim 32 wherein 
the ratio of the error level to the intermediate supply voltage 
level is less than 0.4. 
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34. A power Supply stage according to claim 29 wherein 
the efficiency of the variable Voltage Supply is maximised, 
whilst jointly minimising the peak-to-average ratio of the 
error level and the slew rate of the error level. 

35. A power Supply stage according to claim 34 wherein 
a ratio of peak error signal to peak output signal is main 
tained at less than 0.7, and wherein a ratio for peak error 
signal slew rate to peak output signal slew rate is maintained 
at less than 1.5. 

36. A power Supply stage according to claim 1 wherein the 
output of the stage provides a power Supply to a radio 
frequency amplifier. 

37. A method of controlling a power Supply stage, com 
prising: generating a power Supply Voltage from a high 
efficiency variable Voltage Supply in dependence on a ref 
erence signal; receiving the generated power Supply Voltage, 
and adjusting the generated power Supply Voltage by track 
ing the reference signal in dependence thereon. 

38. A method of controlling a power Supply stage accord 
ing to claim 37 wherein the output efficiency of the high 
efficiency variable Voltage Supply is maintained as greater 
than 0.7. 

39. A method of controlling a power Supply stage accord 
ing to claim 38, further comprising providing a lower 
efficiency Voltage Supply for Supplying the adjusting means. 

40. A method of controlling a power Supply stage accord 
ing to claim 39 wherein the output efficiency of the adjusting 
means is maintained as greater than 0.4. 

41. A method of controlling a power supply stage accord 
ing to claim 37 further comprising providing, as the refer 
ence signal, an input waveform representing a desired Sup 
ply Voltage level. 

42. A method of controlling a power Supply Voltage 
according to claim 37 comprising generating an intermediate 
Supply Voltage level. 

43. A method of controlling a power Supply Voltage 
according to claim 42 comprising generating an error level 
representing an error between a desired Voltage Supply level 
and an output Supply Voltage level. 

44. A method according to claim 43 including the steps of: 
maximising the efficiency of the high efficiency variable 
Voltage Supply; and maintaining a low peak-to-average ratio 
for the error level. 

45. A method according to claim 43 including the steps of: 
maximising the efficiency of the high efficiency variable 
Voltage Supply; and maintaining a low slew rate for the error 
level. 

46. A method according to claim 44 wherein a ratio of 
peak error signal to peak output signal is maintained at less 
than 0.7 

47. A method according to claim 45 wherein a ratio for 
peak error signal slew rate to peak output signal slew rate is 
less than 1.5. 

48. A method of controlling a power Supply Voltage 
according to claim 43 further comprising combining the 
error level with the intermediate supply voltage level to 
generate the output Supply Voltage level. 

49. A method according to claim 48 in which the com 
bining step comprises one of sinking energy, sourcing 
energy, or sinking energy and sourcing energy, in depen 
dence on the error level. 

50. A method according to claim 49 wherein the combin 
ing step comprises sinking energy from, Sourcing energy to, 
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or sinking energy from and sourcing energy to, the output of 
the high efficiency variable Voltage Supply. 

51. A method of controlling a power Supply according to 
claim 43 in which intermediate Supply power is maintained 
greater than error power. 

52. A method of controlling a power Supply according to 
claim 51 comprising maintaining the ratio of the error power 
to the intermediate Supply power as much less than 1. 

53. A method of controlling a power Supply according to 
claim 51 in which the ratio of the error power to the 
intermediate Supply power is maintained as less than 0.4. 

54. A method of controlling a power Supply according to 
claim 43 further comprising maintaining the power associ 
ated with the signal providing the intermediate Supply 
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Voltage level as greater than the power associated with the 
signal providing the error level. 

55. A method of controlling a power Supply stage having 
an output Supply Voltage level, comprising: generating an 
intermediate Supply Voltage level in dependence on an input 
waveform representing a desired output Supply Voltage 
level; generating an error level representing an error 
between an actual output Supply Voltage level the desired 
Supply Voltage level; and combining the error level and the 
intermediate Supply Voltage level to provide the output 
Voltage Supply level. 


