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(57) The dissipations in the sourcing 250 and sinking 252 output portions of a linear amplifier in an envelope tracking
power supply are made equal, despite the asymmetric nature of the envelope waveform (figure 4), by providing an
offset current los that makes the average pull-up current less than the average pull-down current, thereby
improving the efficiency of the output stage. The offset current may be fed through an inductor 256 from a
controlled voltage Vsupply2 provided by a switch mode converter under control of a loop (figure 8) acting to
equalise the dissipations in the sourcing and sinking parts. Alternatively the control loop may apply an offset current
proportional to the difference between the mean and mid-point voltages of the envelope waveform
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IMPROVED EFPICIENCY POR LINEAR AMPLIFIER OF ENVELOPE TRACKING

MODULATOR

BACKGROUND TO THE INVENTION:

Field of the Invention:

The invention relates Lo envelops tracking modulated power
supplies suitable for radio freguency power amplifier
applicacions. The invention is particularly concerned with
guch power supplies in which a reference gsignal is used as an
input to a low freguency path and a high fregquency path, and
in which each path genervates separate outputs which are

combined to form a supply voltage.

Description of the Related Art:

Envelope tracking power supplies for radic fresguency power
amplifiers are well-known in the art. Typically a reference
signal is generated based on an envelope of an inpul signal to
be amplified. An envelope tracking power supply generabes a
supply voltage for the power amplifier which tracks the
reference signal.

Figure 1 shows a prior art enmvelope tracking (ET) modulator
architecturs in which a freguency splitter 12 is used ¢to
divide an incoming envelope reference signal on line 10 into a
high freguency {(HF} path signal on line 14 and a low Ireguency
(LF} path signal on line 16. The Ireguency sgplitter 12 may
include a low pass filter 18 in the low freguency path and a
high pass filter 20 in the high freguency path. The signal in
the LF path on line 15 1s amplified by an efficient switched
mode amplifier 22, and the signal im the HF path on line 14 is

amplified by a wideband linear amplifier 24. A f{reguency
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selective combiner 26 is used to combine the signals in the LF
and HF paths after amplification. In Figure 1 the combiner 24
is illustrated as including a low freguency combining element
{and high frecuency blocking element) 28 in the low frequency
path, and a high freguency combining element {and low
freguency blocking element) 30 in the high freguency path. A
combined signal from the combiner 26 on line 32 provides a
feed to a load 34 which for the purposes of example is
illustrated as a rvesistor. In a typical application the load
iz a power amplifier (PA)}, and the reference siomal ls devrived
from an input signal to be amplified by the powser amplifier.

an example of a power amplifier system dincorporating a
supply arvchitecture such as illustrated in Filgure 1 can be
found in “Band Separation and Efficiency Optimisation in
Linear-Assisted Switching Power aAmplifiers”, Yousefzadeh et
al, [IERE Power Electronics Specialists Conference 20061.

Figure 2 shows an alternative prior art arrvangement in which
the fregquency selective combiner 28 is an inductor-capacitor
{(LC}  combiner. The low freguency combining s=lement 1is an
inductor 28a, and the high frequency combining element is a
capacitor 30a. In this arrangement a feedback path 386 takes a
gignal from the combiner {(or modulator} outpubt on line 32, to
the input of the linear amplifier 24. The signal on the
feedback path 38 is subtracted from the signal in the high
fregquency path on line 14 by subtractor 38, to provide an
input to the linear amplifier 24, The inclusion of the
feedback path 36 achieves improved tracking accuracy compared
to the arvangement of Figure 1.

An example of a power amplifier saystem incorporating a
supply architecture such as illustrated in Figure 2 can be
found in “Efficiency Optimisation in Linear-Assisted Switching
Powery Converters for Envelops Tracking in RF Poweary

P N W L S T N Y Y
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Amplifiers®, Youssfzadeh et al, [IFEE Sywposium on Circuits

and Svystems 200581 .

It is an aim of th invention to provide an envelope
cracking modulated power supply which offers improvements over

the prior art, such as the arrangements of Figures 1 and 2.

SUMMARY OF THE INVENTION:

The invention provides an envelope tracking power supply
arranged to generate a modulated supply voltage in dependence
on a reference signal, comprising a first path for tracking
low freguency variations in the reference signal and a second
path for tracking high freguency variations in the reference
signal, the second path incliuding a linear amplifier, wherein
the output stage of the linear amplifier comprises a current
scurce and a current sink comnected to the high Ireguency
cutput, there Ifurther being provided a DRC offset current at

the high freguenoy oubtpub.

The DU offset courrent may be chosen to minimise the power

disgipated in the output stage of the linear amplifier.

The PC offset current may be derived from a further
voltage supply which is lower than the output stage voltage
supply.

The DC offset current may be provided via an inductor
comnected betwsen the further power supply and the high

freqgquency oubput.

The envelope tracking power supply may further comprise
senaing the power differvsnce im an output, and integrating the
senged power difference to contrel a switch mode converter to

gengrate a second supply voltage to generate the DC offset
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current. Sensing the power difference may comprise measuring a
supply voeltage for generating the DO offset current, the

output voltage, the source current and the sink current.

A target DC  offget curvent way Dbe determined in
dependence on  the Jdifference between the input voltage
waveform and the halved sum of the maximum and minimum voltage
levels of the input waveform voltage. An error betwesn the
target DC offset current and a measured DC offsget current may
integrated and used to contrel a switch wode converter o
generate a second supply voltage to generate the DU offset

currant.

An RP amplifier may dinclude an envelope tracking powser
supply.
A mobile device for a moblle communicaticon system may

inciude an envelope tracking power supply.

An infrastructure element for a mobile communications system

may include an envelope tracking power supply.

The invention Ffurther provides a method for an envelope
tracking power supply arranged to generate a modulated supply
voltage in dependence on a reference signal, comprising
providing a firvst path for tracking low frequency variations
in the reference signal and providing a second path for
tracking high freguency wvariations in the reference signal,
the second path including a linear amplifier, wherein the
output  stage of the linear amplifier compriges a current
source and a current asink connected to the high frequency
cutput, the method further comprising providing a DO offset

current at the high frequency outpub,

S A S A SN SN AP RS RS
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BRIEF DESCRIPTION OF THE FIGURES:

The invention iz now described by way of exampie with

rveference Lo the accompanying Figures, in which:

Figure 1 illustrates a prior art envelope tracking modulated

aupply with high and low frequency paths;

Figure 2 illustrates a pricy art envelope tracking modulated

supply incorporating feedback in the high frequency path;

Figure 3 illustrates a modified inmplementation an output of

a linear amplifier in accordance with the arvangement of

Figure 1 ovr Figure 2;

Figure 4{a} to 4{c} illustrate current £flow in the

arrvangement of Figure 3;

Figure 5 illustrates the implementation of the output of a
linear amplifier in the arrangement of Figure 1 or Figure 2 in

accordance with an embodiment of the present invention;

Figures 6{a) to 6&{cy dillustrate current £flow in the the

arrvangement of Figurs 5;

Pigures 7{a} and 7{(d) illustrate waveform plots in the
arrangement of Figuvres 3 and 5;

Figure 8 illustrates the implementation of the output of a
linear amplifier in the arrangsement of Figure 1 or Figure 2 in

accordance with an exemplary embodiment o©f the present

invention; and

Figure % i1lliustrates the implementation of the output of a
linear amplifier in the arrangement of Figure 1 or Figurse 2 in
acoordance with another exemplary embodiment of the present

invention.

P R e L R i T N
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DESCRIPTION OF THE PREFERRED BEMBODIMENTS:

In the following description the invention is described with
reference to exemplary embodimentz and lwmplementations. The
invention 1s not limited to the specific details of any
arvangements as seb ouk, which are provided for the purposes

of understanding the invention.

EBmbodiments of the invention may apply to different feedback
architectures for the linear amplifisr in the high Iregquency
path. The invention and its embodiments are not limited to a
particoular feedback arrangement in the high frequency path.
For example in the foregoing illustration of Figure 2 an
arrangement is illustrated in which the linear amplifier
receives a feedback from the output of the combiner. The
present invention may alsoc apply, for example, to an
arrangement in which the linsar amplifier recelves a feadback
from the output of the linear amplifier at the input to the
combiner, and in which the path containing the linear
anplifier does not include a high freguency filter such as
filter 20 in Figure 2, the linear amplifisr path receiving the

full-spectrum rveference signal.

In general in a hybrid envelope tracking modulator {i.s. an
architecture using a switched wmode amplifier and a linear
amplifier) ag  iliustrated din  Filgure 2, a significant
proportion of the tetal modulator power dissipation occurs in

the outpub stage of the linear awmplifier.

Thig can be understood with reference to Figure 3, which
illustrates an exemplary implementation of the lineay
amplifier 24 Class B output stage. As illustrated, a current
source 250 1z connectad between a supply voltage Veppepy and a
common node 254, and a current sink 2%2 iz connected between

the COMMON node 254 and lectrical ground Vaws-. An

o an a b a an e o fomo K G R
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instantaneous source ourrent Ieme flows in the ocurrent sourcs
element 250, and an instantanecus current Igw flows in the
current aink element 282. At any given instant current £lows
in either the source device 250 or the sink device 252, and
the current in the inactive device ig zero. An output voltage
Ven 18 Fformed at node 254. The combiner capacitor 30a of Figure
2 is illustrated as connected betwesn the node 254 and the
cutput of the combiner. A current Iz flows in the combiner
capacitor 30a.

For the purposes of example, the arrvangement of Figure 3
shows & feedback path 40 which represents a feedback from the
cutput of the linear amplifier, before the combiner, ta the
input of the linear amplifier. The feedback is not described
in more detail herein becauss it does not form part of the
present invention. The current flow in the feedback path is

assumed to be sufficiently low to be ignored.

No DC ocurrent can flow through the combiner capacitor 30a.
Hence in the priocr art arrangement of Figure 3 the wvalue of
the average source current Ige from current source 250 must be
egqual to the wvalue of the average sink curvent Iex from

current sink 2523,

In gensral the reguired modulator output voltage provided by
the linsar anplifier 24 may typically exhibit significant
agymmetyy, and this in turn results in asymmetry of the output

current Ig of the linear amplifier 24.

Thig is illustrated by the waveform of ¥Figure 4{a) which
shows a plot of oubtpub current Ig against time. The current
above the =zero level 302 represents oubpub positive currents
which flow in the source transistor 250, and the current below

the zero level 302 represents the output negative currents

SN A A NS FRIR PN SRS
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which flow in the sink transistor 252. The combined source and

gink currents represent the outpubt current Ig.

The values of each of the average source Ige and sink Iawx
currents are egual as shown in Filgures 4{b} and 4{c¢}, which

shows plots of the source and sink currvents against time.

The line 304 in Figure 4{b} shows the average curvent in
source device 2850 and the line 306 in Figure 4{c} shows the
average current in the sink device 252. The average current in
source device 250 is equal to the average current in sink

device 252,

However in the example as shown the power dissipated in the
upper device {the current scurce 250} is much greater than the
power dissipated in the lower device {current sink 252} . This
disparity in power disasipation 1is due fo the wavelorm
asymmetry and results in much higher voltages across the upper

{source) device.

It can thus be seen that the necessity for the average sink
and scurce currentz te be equal for the output topology of

Figure 3 is disadvantageous.

In accordance with a preferred embodiment of the invention,
an extra veltage supply is used to add a DC {or low freguency)
offset ourrent wvia an inductor toe the output node of the
linear amplifier 24. There iz thus no longer a reguirement for

the average source and sink currents to be egual.

Figure 5 ghows such a medified tepology. The arrvangement of
Pigure 3 is modified such that an inductor 256 is included
between a second supply veltage Vagpesuy: and the node 254. The
inductor 256 provides an offset current Igs, which flows in the

inductor 286 from the voltags supply Vewesyz.
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The instantaneous current i1in the current source 2350 is
modified to Igper and the instantansous current Iin the current
sink 252 is Igwme . The output ourrent Ig flows in the ocutput
capacitor 3C%a, and the output voltage Ve is formed at the node

254,

i

The waveform of Figure 6{a} shows the oubtpubt current Iz of
the linear amplifier 24, which 1s the same as that shown in
Figure 4{a}. In accordance with the invention therefore, the
output current Ig of the linear amplifier is unchanged. As
illustrated din Figure &, the portion of the output current
above the line 602 is provided by the source transistor 250.
The portion of the output ourrent below the line 602 is

provided by the sink transistor 252Z.

Figures &(b) and &{c} show the modified source Ige and sink
Tewx: currents from the current source element 250 and current
sink element 252 regpectively. In the example shown the
modified scource current Ige is decreased by offsst current Ios
and the modified sink curvent is increased by offset current
Tog. The lines 804 and 606 in the respective Figures 5i{b) and
§{o} represent the modified average currents flowing in the

regpective gource and sink transistors.

As illustrated, by comparing Figures 4{b) and 4{c) with
Figures &{b} and &{c), the effect of the additional offset
current Ig supplied via inductor 256 is to reduce the average
source current by Iss from Ige to Ige ., and increase the
average sink current by I. from Isx ¢ Iswe . This reduces the
power dissipated in the cgurrent source 250 and increases Lhe

power dissipated in the curvent sink 2352.

Figure 7{a} shows the dissipation 702, 704 in the output

gtage source and  sink current devices 250 and 252
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respectively, and the total dissipation 706, as a function of

the offset current Ig for the arrangement of Figure 3.

It can be seen that for the particular waveforwm illustrated
the minimum dissipation in Pigure 7{a} is approximabely 20%
less than the disgsipation with no offset current. This
difference in dissipation 1is strongly dJdepsndant on  the
waveform asyvmmetry and is  larger for more asywmmebric

wavaeforms,

The instantanecous power dissipation in the source and sink
putput devices 250 and 252 cannot easily be dirvectly measuved,
but the average currant through the source and sink devices
250 and 252 and the average outpubt voltags can all be readily
measured. Hence it 1s possible toe calculate the ‘aensed’
powers as a proxy for the dissipated powers using these

avearage parvamebers.

Figure 7({b} shows the sensed powers for the zource device

710, sink device 708 and the total sensed powsr 712.

Inductor 250 ideally has zerce DU resistance, hence the DC

3

veltage at both terminals of the inductor 250 is the same.

Referring to Figure 5, the sgensed source power can be

caloulated as:
avg {Veorenv-Vea) % avyg {Tesc )
The senged sink power can be calculated as:

avg (Vea) x avg {(Tam )

whers:
Veuppry = bLhe supply voltage applied to the feed inductor;
Vs = the output voltage of the stage;

avyg {Igae} = the average source current; and

P R R R LN
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avg {Ismx} = the average sink current.

The minimum in total sensed power ocgurs at the same value
of offset current as the minimum dissipated power, as shown in
Figure 7, hence minimising sensed power wmaximlses the
aefficiency of the supply modulator.

~

The additional voltags supply Vewsy: in Figure § is assumed
to be generated using a high efficiency power converter, and

the power loss in feed inductor 256 is assumed to be minimal.

Figure 8 shows a direct technigue for generating the oifset
gcurrent in which a negative feedback loop wmay be used to
minimise the tobal sensed power by nminimising the difference
between the two sensed powera, by integrating the srror o
make small adjustments to the output voltage of the second

supply Vsusswyz

Figure 8 shows the output atage of the error amplifier
comprising current source 250, current sink 252, combining
capacitor 30a and DC current offset feed inductor 256, The
supply voltage Viwemy: 18 provided by a switch mode converter
810, which iz connected to a supply voltage Vegerny denocted by

reference numeral 814.

The imput to the switch mode converter 810 is provided by an
integrator 81i8. The input to the integrator 816 is provided by
a signal processing Dblock 818, which genevates a signal
representing the sensed power difference on line 818 to the
input of the integrator 816 based on the second supply voltage
vsupplyZ, the average output voltags Vea, and the average of

the acurce and sink currents Iae and Temw .

an  indirect method of contrelling the offset  current
exploits the fact that the offset current required depends on

the asymmetyy of the waveform. If the waveform is symmetrical

R NI T S o T NI )
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the mean voltage liss midway between the minimum and maximum
values of the waveform. If the mean voltage 1is lessg than
midway between the minimum and maximum values of the waveform
a positive offset current is requirved to wminimisze the output
stage power dissipation. Similarly if the wmean voltage is
greater than midway between the minimum and maximum values of
the waveform a negabtive offset current is reguired to minimise

the output stage dissipabtion.

Figure 9 shows a control loop for implementing this indirect

concapt.

The control loop includes the current scurce 250 and current
sink 252 of the output stages, the combining capacitor 30a, and
the DU current cffser feed inductor 256. The inductor 256 is

connected o the node 254 via current sense resistor BO0.

The supply voltage Veupply? is provided by a switch mode
converter B02, which is conmected to a supply voltage Vagesiy

denorted by reference numeral 804.

The input to the switch mode converter is provided by an
integrator 80&6. A first input of the integrator is provided by
a subtractor 808, which provides a difference on line 812
between the voltage which is midway between the minimum and
maximum values of the input waveform {(egual to (Vmax+Vmin}/2)
and the input waveform Vin 810 Lo give a @ voltage
representative of the offset current target on line 814 at the
first input to the integrator B06. The second input to the
integrator 806 ig provided by a wvoltage source 816, which
measures the current in the vresistor 80 and provides a

voltage representing the offset current.

The current offset target on line 814 i1is s=t as the

difference between the mean and wmedian wavelorm voltages as

P e e N ]
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described above. The error between the target and measured
of faet current is integrated by integrator 806 and used to
control the switch mode converter 802 which gesnerates the
second supply voltage Vesewye which supplies the ofiset current

to the linear amplifier ocutput stage via the inductor 256,

The generation of the offset current and the second supply
may pe achieved in a number of ways, both indirectly and
directly, and the invention is not limited to any particular

technigus.

As discussed above the present invention may be applied to
the cutput of a linear amplifier in a correction path of a
modulated power supply, such as the linsar amplifier of Figure

or Figure 2.

Such modulated power supplies wmway be used to provide the
modulated power supply to an RF amplifier, which may comprisas

the leoad of Figure 1 or Filgure 2.

RF amplifiers are used in mobile communication systems, in

wirelegs devices and wireless infrastructure.

The invention and itz embodiments relates to the application
of envelope tracking ({ET) to radio freguency (R¥) power
amplifiers, and dis applicable tc a broad range of
inplementations including cellular nandseta, wiraless
infrastruckture, and military power amplifier applications at

high freguencies to microwave frequencies,

The invention has been described herein by way of example
with reference to embodiments. The invention is not limited to
the described esmbodiments, nor to specific combinations of
features in embodiments. Modifications may be made to the
smoodiments within the scope of the invention. The scope of

rhe invention is defined by the appended claims,

IO A & RS DA VAR
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1. An envelope tracking powey supply arranged to generate a
modulated supply voltage in dependence on a reference signal,
comprising a first path for tracking low freguency variations
in the reference signal and a second path for tracking high
fraguency variationz in the reference signal, the second path
including a linear amplifier, wherein the oubtput stage of the
linear amplifier comprises a current scurce and a current sink
connected to the high freguency output, there further being

provided a DC offset current at the high freguency output.

2. The envelope tracking power supply of claim 1 wherein the
DC offset current is chosen to minimise the power dissipated

in the cutput stags of the linear amplifier.

3. The envelope tracking power supply of claim 1 or claim 2
wherein the DT offset current 1s devived from a further
voltage supply which is lower than the outpult stage voltage

supply.

4. The envelope tracking power supply of any preceding claim
wherein the DC offget current iz provided wvia an dinductor
connected between the further power supply and the high

frequency outpub.

5. The envelope tracking power supply of any preceding claim
further comprising sensing the power difference in an output,
and integrating the sensed power difference to control a
switch mode converter Lo generate a second supply voltage to

generate the DC cffset current.
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5. The envelope Lracking power supply of claim 5 wherein
sensing the power difference comprises measuring a supply
voltage for genervating the DU offset current, the output

voltage, the source current and the sink current.

7. The envelope btracking power supply of any cne of claime 1
to 4 wherein a target DC offset current ig determined in
dependence on the difference between the input voltage
waveform and the halved sum of the maximum and minimum voltage

levels of the input waveform voltags.

8. The envelope tracking power supply of claim 7 wherein an
ervor between the target DC offset current and a measured DC
of fzet current is integrated and used to control a switch mode
converter to generate a second supply voltages to generates the

DC offgset current.

g. An RF amplifier including an envelope tracking powey

supply according to any one of claims 1 to 8.

1i0. A wmobile device for a wmobkille communication system
including an envelope tracking power supply according to any

one of claims 1 to &.

11. An infrastructure element for a wmobile communications
system including an envelope tracking power supply according

to any one of clalims 1 teo L0,

12. A method for an envelope tracking power supply arrvanged
to generate a modulated supply voltage in dependence on &
reference signal, comprising providing a first path for

tracking low frequency vaviations in the reference signal and
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providing a second path for tracking high freguency variabtions
in the reference signal, the second path including a linear
amplifier, wherein the output stage of the linear amplifier
compriges a current scurce and a current sink connected toe the
high fregquency output, the method further comprising providing

a DT offset current at the high freguency outpub.

13. The method of claim 12 wherein the DU offset current is
chosen to minimise the power dissipated in the outpub stage of

the linear amplifier.

14. The method of claim 12 or claim 13 wherein the DC offset
currvent is derived from a further voltage supply which ia

lower than the ocutput stage voltage supply.

15. The method of any one of claims 11 £o 14 wherein the DC
offset current is provided via an inductor connected between

the further power supply and the high freguency output.

16. The method of any one of claims 11 te 185 further
comprising sensing the power difference in an output, and
integrating the sensed powey differvence to control a switch
mode converter to generate a sscond supply voltage toe generate

the DC offset current.

17. The methoed of c¢laim 16 whereln sensing the power
differsnce couprises measuring a supply voltage for generating
the DC offset current, the oubtput voltage, the source curvent

and the sink current.

18, The method of any one of claims 1l to 15 whereln a target

De offset  current is  determined din  dependence on  the
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difference betwesen the input voltage waveform and the halved
sum of the maximum and minimum voltage levels of the input

waveform voltage.

19. The wmethod of c¢laim 18 wherein an ervor between the
target DC offgset current and a measured DC offget ourrent is
integrated and used to control a switch wode converter to
generate a second supply veltage to generate the DO offset

current.
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