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2G SUPPORT FOR 20 AND 3G/4C ENVELOPE TRACKING MCDULATCOR

BACKGROUND TQ "TH]

43

ITRNVENTION:

&

Field of the Invention:
The invention relates to snvelope tracking modulated powsy

supplias sultable for radio frequency powar amplifier

applications. The inventicen 1is particularly concerned with

such power supplies in which a reference signal is used ag an

input to a low frequency path and a high frequency path, and

in which each path gesnerates separate oubtputs which ave

combined Lo form a supply wvoltage.

Description ¢f the Related Art:

Envelope tracking power supplieg for radio fregquenqy

powar amplifiers are well-known in the art. Typically a

reference signal is generated hased on an envelope of an inpub

signal to be amplified. 2An envelope tracking power supply
genarates a supply voeltage for the power amplifier which
Fracks the envelops of the input signal to be amplified,.

Figura 1 shows & prior art envelope trackin (BT
modulator architecture in which a freguency splitter 12 is
used to divide an incoming envelope reference signal on line
18 into a high freguencey (HF) path zigpnal on line 14 and a low

freguency {(LF)} path signal on line 16. The freguency splitter

12 may include a low pass filter 18 1in the low freguency path
and a high pass filter 20 in the high frequency path. The

signal in the LF path on line 16 is amplified by an efficient

switched mode amplifier 22, and the signal in the HF path on
line 14 4z amplified by a wideband linear amplifier 24. A

frequency selective combiner 26 is uzed to combine the signala

in the LFPF and HF paths after amplification. In Figure 1 the



combiner 26 iz illustrated as including a low {regquency
combining element 28 in the low freguency path, and a high

frequency combining element 3¢ in the high {regquency path, A

combined zignal from the combiner 26 on line 32 provides a
§ feed to & load 34, which in a tvpical application isg a power
amplifier (FPA}.

Aan example of a power amplifier sgystem incorporating a

supply architecture such as illustrated 1in Figure 1 can be

found din *Band Separation and EBEfficiency Optimisation in

By

I Linear-Assisted Switching Power Amplifiers”, Yousefzadeh et

-

L4

al, (IEER Power Electronics Specialists Conference 2008,

Figuyre 2 shows an alternative prior art arvangement in
which the fregquencey selective combiney 26 i1is an inductor-
capacitor (LT} cowmbiner. The low frecuency combining element

I3 dia an inductor 28a, and the high fregquency combining element

ig a capacitcor 3Ca. In this arrangement a f{eedback path 38

takes a signal from the combiner {(or modulator) cutput on line

312, to the input of the linear amplifier 24, The signal on the

feedback path 386 is subtracted from the signal 1n the high

20 freguency path on line 14 by subtractor 38, to provide an

input to the linear amplifier 24. The inclusion of this

feadback path 36 achieves improved {racking accouracy compared

to the arrangement of Figure 1.

An exarple of a power amplifisr system incorporating a

25 supply architecture such as illustrated in Figure 2 can be

found in “*Efficiency Optimisation in Linear-Assisted Switching

Power  Converters for EBEnvelope - Tracking in RF Fowar

amplifiers®, Yousefzadeh et al, (IEEE Symposium on Clreouits
and Svastemsg 2005,

363 Tt 13 an aim of the inventicon to provide an improved
envelope tracking modulated power supply which addregses one

oy meore of the above-~stated prooplems,
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SUMMARY QF THE INVENTLION:

The invention provides an amplification stage includin

an envelops tracking modulated supply for tracking a reference

i

ignal, comprising a low frecuency path fovr tracking low

Fraguency variationg in the reference signal and oy providing

first output veltage, and a high Erequency path for tracking

e S Y

i
nigh freguency wvariations in the reference signal and for

]

providing a seccond output voltage, and a combiner Iox

amag &

combining the first and second output voltages to provide a

third output voltage, the amplification  stage  furthey

comprising a first ampliifier arranged to regeive the [irst

v

output veltage as a supply voltage, and a second amplifier

(v

arranged to receive the third output voltage as a supply

adiLs

voltage, wherein the first and second amplifiers are snabled

in different modes of operation,

Bither the first or second power amplifiers may bpe RF

(radio freguengey! power amplifiers.

The high {requency path may include a linear amplifier,

wherein the linsar amplifier is enabled/disabled when the

second power amplifier is enabled/disabled.

The first power amplifier may Le disabled when Lhe secon

nower amplifier is enabled., The second power amplifier may be

disabled when the first power amplifier ig enablied.

The amplification stage may further comprise means IOX
determining the power in the low freguency path when the first
powey amplifier is  enabled. The amplification astage may

further ocompriszse enabling a path to a DC supply voltage whean

the determined powsr exceeds & threshold., The amplification

stage may further comprissa disabling a path to a DT supply

voltage when the determined power 1s balow a threshwold.
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The amplification stage whersin the supply fto the first

amplifier, whnen enabled, iz preferably arranged to selactively

receive either the DC supeply voltage or the first outputb

vaoltage, The additiconal supply voltage may be a battery

voltage., The first amplifier may selecthively receive the
additional supply voltage by closure of a switch. The {first
amplifier may receive a supply voltage from the additional

supply voltags vather than the first output veoltage when the

determined power exceeds an additional threshold.

The first power amplifisr may De a power amplifier for a
23 or EDGE mede of operation. The second power amplifier may

he a power amplifier for a 3C6 or 4¢ mode of ogperation.

There may be provided a feedback path from the coubtpul of the
linear amplifisr to the input of the linsay amplifier, such

that the linsar amplifier in the correction path amplifies a

gzignal comprising the full spectrum of the frequencies in the

rafevence signal.

An RF amplifier may include a wvoltage supply stags. &

wireless communication system may include a voltagse supply

stage. A wireless mebile device may include a voltage supply

stage.

The invention further provides a method £for an
amplification stage including an envelope tracking meduliated
supply for tracking a reference signal, compraising a8 low

freguency path for tracking low Ifreguency variationg in th

reference signal and for providing a firvst output wvoltage

comprising a supply voltage for a first amplifier, and a high

freguency path for tracking high freguency varviationg in ithe

reference signal and for providing a second cubpub voltage,

and a combiner for combining the first and second oubput

volitages to provide a third output voltage comprising a supply
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vaoltage for a second amplifier, wherein the method comprises
snabling one of the first and sscond output amplifiers in
different modes of coperation.

The may further comprise determining the power in the low

freguency path, and enabling a path to a DO supply voltage

when the determined power exceeeds a threshoeld.

The method may further comprise disabling the path to the
DC supply voltage when the determined power 1is below the

threshold.

The first output amplifier may be enabled the supply
voltage of the amplification stage 13 either the DO supply
voltage or the first outpul voltage.

The second output amplifiser may be enabled the supply

volbage of the amplification stage is the third output
voitage.,
The amplification stage may be capable of a 26 mode of

cperation when the first amplifier is enabled or 3G/4G mode of

operation when the second amplifier is enabled.

BRIEF DESCRIPTION OF THE FIGURES:

The invention is now described by way of examplie with

reference to the accompanving FPigures, in which:

Figure 1 illustrates a prior art envelope tracking

modulated supply including a low frequency path and a hagh

frequeney correction path;

Figure 2 illustrates a prior art envelope tracking
modulated supply inceorperating feedback in the high freguency
correction path;

Figure 3 illustrates an ilmproved envelope Lracking

modulated supply in accordance with the imvention, in which

one power amplifier is connected to only the low [requency
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path and a second power amplifier is connected to both the low

fregquency path and the high freguency correcticon patly;

Figure 4 illustrates further detail of the arrangement of

Figure 3 in an sembodiment;

5

Figurs 5 illustrates further detail of the arrangement of
Figure 3 in an embodiment;

Figures 6{a} to &{c} illustrate further detail of the
arrangement of Figure 3 in an enbodiment;

Figures 7{a} to 7{d} illiustrates further detail oi the

arrangament of FPigure 3 in an embodiment;

5

Figurse £ illustrates further detail of the arrangement of

Figure 3 1in an embodiment;
Figure 9 illustrates further detail of the arrangement of

Figure 3 1in an embodiment;

Pigure 10 illustrates further detail of the arrangement

of Pigure 3 in an embodiment,

Figure 11 illustrates further detail o©of tChe arrangement

of Figure 3 in an embodiment;

Figurs 12 illustrates a3 supply voltage bypass in an

embodiment of the invention: and

c

Figure 13 1llustrates a supply voeltage DbDypass 1in an

alternative embodiment of the invention.

DESCRIPTION OF THE PREFERKED EMBODIMENTS:

In the following description the invention 1isg described
with reference to exemplary embodiments and implementations,
The inventicon is not limited to the sgpecific details of any

arrangemants as set oubt, which are provided for the DpUTrposes

of understanding the invention.
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Embodiments of the invention are described in the
following description in  the context of application to

different feedback avrchitectures for the linear amplifier in

the high I[regquency path, The invention and its embodiments
are not limited to a particular fesdback arrangsment in the

high fregquency path,

The emergence of wideband 3G and 4G {(e.g. long term

avalution, LTE} wiresless standards enables much greater
spectral efficiency than narrowband legacy 2C standards such

as GEM/EDGE. Howaever the reguirement for handsets Lo support

o

o)

GEM/EDGE will remain for many vyears to come, and thereiore

this provides an incentive for multi-mode power amplifiers.

Although Multi-Mode Multi-Band (MMMB) power amplifiers are

hecoming more commonplacge the incentive to integrate 26 and

3IG/4C power amplifier chainas is tempered by the fact that the

maximum oubput power of a GSM/EDGE power amplifier 18

significantly greater than that of a 3G/LTE poweyr amplifier.

an efficiency penalty in 3G/4C wmode is guffered 1L a
23E/36/4G  MMMB  power ampliifier ds sized coryectly for 46

operation. Conversely, 1if a MMMB power amplifier wmodule 1is

implemented with two RF chains - one for GSM/EDGE and the
other for 3G/4G - no such efficiency penalbty is incurred.
However the implementation of two RF chains is in  itsell

digadvantageous.

The power supply reguirements of a 26 powser anmplifiex
differ from thoss of 38/4C power amplifiers in two significant
respects., Firstly, the maximum oubtput ourrent reguirement 1s

significantly greater for 206 power amplifiers, and secondly

the reguired Drandwidbth 1is significantly less for 20 powar
amplifisrs and can be gatisfied with a switched-mode only

h )

golution {(i.e. 1o coryvection patli 18 Neceszary) .
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Figure 3 illiustrates a mixed-mode modulator architecture

in accordance with an embodiment of the invention which

supports both 2G and 3G/4G powery amplifiers.

With reference to Figure 3, an arrangement in acoordance
with an embodiment of the present invention 1is shown., Whers

elements correspond to the arrvangement of Pigure 2 similay

veferance numerals ars ussad.

The arrangement of Figure 2 is adapted such that in the low
frequency  path combiner there i1s provided an additional
inductor and capacitor. Thus the output signal from the Llow
frequency path passes through the inductor 28a and an inductor
28k, and is then combined with the low freguency path on line
32. In addition a capacitor 28c¢c is connected in the low
Fraegquency path with one connected between the inductors 28a

and 28b and the other terminal connected to elsctrical ground.

'

The arrangement o¢f Flgure 3 preferably includes &

modification to address a triangulay ripple current which may
flow in the inductor 28a of the combiner 26 as a resull of the
switching of the switched mode amplifier 22, and which also
provides the filter reguired in the arrangement o©f Figure 3.

In the absence of capacitor 28¢ and inductor 28b this rippie

current would be shunted through the output stage of Lhe
linear amplifisr 24 wia the capacitor 30a, to aveid the
creation of unwanted voltage errors at the output o©f the
combiner 28. The conseguantial ripple current flowing through

the outpub of the linear amplifier 24 reduces its efficiency.

Figurs 3 thus shows a preferable arrvangement in which the

combiner 26 of Figure 3 is adapted to include the additional

O

capacitor 28c and the inductor 28b to shunt this ripple

current to ground. The magnitude of the coupling factor

betwesen inductors 28a and 28b mayv range between 0 and 1. The
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ripple current due to the switched mode amplifier 22 now [lows

in the inductor 28k and is now shunted teo ground via the

capacitor 2Z28c. The loss associated with the ripple current
flowing in inductor 28a and passing through the linear outpul

stage 24 is thus avoided.

The arrangement of Figure 2 18 further adapted in acoordance

with the invention to provide a first output voltage and a

second output voltage dependent upon the mode of operation.

A first ocutput veltage iz provided on line 200 from the
output of the switched mode amplifier 22 betweasn the inductors

28a and 28b. The {first output voltage 1ig thus the filteved

output of the low freguency path, filtered by the L-C

arvangement provided by inductor 28a and capacitor 28g.

& second cutput voltages 1is the output voltage provided on
line 32 from the combiner 26. The second cubtput voltage 1is
thus the combination of the outputs provided by the high

Freguency and low {reguency paths.

The first output voltage on line 200 provides a supply

voltage to an amplifier 202, The amplifier 202 1is for example

E4

provided for amplificaticen in & 2C GSM/EDRGE system, and
receives an input on linse 206 and genevates an amplified
cutput on line 208. When the amplifier 202 1is active the
linear amplifier 24 is disabled. The amplifier 204 is also

Sisabled,

In thiz wmode of opevaticn, which may be a 232G mode of

osperation, the supply to the amplifier may be operated with a

<

fixed reference in a given zlot to provide a DO cutpulbl on iine

200 which is wvaried on a slot-by-slot basis. Alternatively,
the reference voltage on line 200 may be varied Lo trackg the

envelopse of the G8SM/EDGE signal.
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The second supply voltags on ling 32 provides a supply

voltage to the amplifier 204. The amplifiey 204 is for example

provided for amplification in a 3G/LTE system, and receives an
input on line 210 and generates an amplified output on line

When the amplifier 204 is operational, for example in
33/4C mode, the power amplifier 202 is disabled and draws no
supply current. The modulator architecture of Figure 3 is then

simiiar to that shown in Figure 2 using the amplifier 204

L

only, in that the supply voeltage for the amplifier 204 18

generated in dependence on a combinatlion of the low frequency

and high frequency paths. The linear amplifisr 24 1is active

when the powey amplifier 204 1is active,

Pigure 2 thus illustrates the main feature of the invention,

in which in one nmode a first power amplifier is utilised Lo

receive an outputbt of a low freguency path, and a second powar

amplifier and a linear amplifier of a high {reguency pathh or
correction path are disabled, and in which in another mode oF
operation the second  power amplifier i3 utilised iIin
combination with the high frequency path { or correction path)
and low freguency path and the linear amplifier, the {first
nowayr amplifier being disabled,

an  advantagecus implementation of the arrvangement of

wall

Figure 3, including the switched mode amplifier 22, is s .wn

in Figure 4 and is now described.

.. .

In a preferred arrangement the LF path switched mode

amplifier 22 is preferably implemented ag a peak-current-mode
bhuck-~convertey which iz a known prior art technigue for
implementing high bandwidth switched mode power supplies, and

which i1s degscoribed azs follows.
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As illustrated in Figure 4, the swiiched mode amplifier

22 includez a pulse widith modulator {(PWM) 50 which receivea 3
control signal on line 56, and which controls a pair of
switches 52a and 52b. Switch S5Za is connected between a supply

S woltage and a common node 34, and switch 32bh is connected

hetwaen the common node and electrical ground. The supply

vaoltage is provided by a battery, and ig dencted Vbat. The
pulse width modulator 50 controls the gswitches 52a and 58D o
provide the low freguency path cutpub to the combiner 26 in

i  dependence on the contreol signal on line 38, The arrangement

of a pulse width wmodulator in combination with a switched

supply is known in the art.

The switched mode amplifier 22 includes an inney curyent
control feedback logp and an outer volitage control {feedback

i3 loop,

The imner currvent control feedback Loop senges Lhe
inductor curyent either directly or indirectly by sensing
current in switch 52a or switch 52b, and provides a [e=edback
path 58 to a combiner &1. The ocombiner 61 combinss Lhe

2(t feedback signal with a compensation vamp on line 63, The

-

output of the combiner €1 provides an input to the inverting

input o©f an amplifier 58, The amplifier 5% receives at its

non-inverting  input an coutput  from an amplifier 60, The

amplifier 5% generates the control signal on line 58,

235 The outer voltage control feedback 1loop provides a

voltage feedback path 62 from the second terminal of the
inductor 28bh, where it connects o the inducteor 28a and

capacitor 28q. The feadback path provides a feedback sigpnal to

an inverting input <f the amplifier &0. The amplifier &0
30 recsives the low freguenoy path signal on ling 16 at its non-

inverting input.
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Tnductor 280 behaves as a8 ocurrent =source due bt the

action of the imner currvent fesdback loop provided by fesdpack

path S58. A compansation ramp is provided on line 63 in Chis

inner current feedback loop, and is used to preveni Irsguency

halving at high duty cyoles.

The outey voltage feedback loop provided by {eedback path
52 1is used to controel the wvoltage at the junction of induchor

28b,. inductor 28a, and capacitor 28cC.

The peak-current-noede buck-converter as i1llustrated in

Figure 4 operates, in general, as I[ollows.

The Low aaa filter 18 gcenerates a gignal reapresenting
-t

low freguency variation in the reference signal. This signal

on line 18 then comprises a control signal for the pulse
siomnal for the buck switcher, comprising switches 52a and 520,
which has a dubty oyele determined by the control signal, such

that the voltage at the cutput of the buck switcher tracks the

zignal on line 16, i.e. the low f£requency wvariation in the

raference signal.

In addition, howeveyr, this control signal on line 1§ is
medified by the inner feedback current control loop and the

ocuter feedback voltage control 1oop.

= control leoop firstly adjusts

N

The outer feedback voltag

rhe contreol signal in amplifier 60. The control sigumnal {(i.e.

rhe low freguency reference signal} has the feedback signal on
feedback path &2 removed therefrom. The feedback vc}ltage Ol
feedback path &2 represent the wvoltage at the output of the
low freguency path, and the removal of this voltage from the

low fregquency signal on line 16 provides a signal representing

the error betwesen the outputbt voltage and the relsrvenee

volitage.,
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The inner feedback contrel loop =secondly adijusts the
contrel signal in amplifier 59, The sscond adjusted contyol

signal {ocutput from amplifisr 5%} nas the signal on feedback

pathh 5% removed therelrom, The f{eedback signal on feedback

path 58 represents the ocuipul current.

Figure 4 thus illustrates an exemplary implementation of

a switched wmode amplifier 22 in an envelopes tracking

architecture, which mav be used in embodiments of the

invent 1o,

With reference to Figure 5 there 1s i1llustrated an

advantageous arrvangsment in which the arrangement of Figure 4

ig adapted to include a feedback path for the linear amplifierx

Y

24 which 18 taken directly from the coutput of the lineax
amplifier 24 yather than the output of the combiner.
Embodiments of the invention are described in the following in
the context of application in such an sarrangement, although

+rhe invention and embodiments are not limited teoe such an

advantageous arrangema2nt.

The gignal at the output of the linear amplifier 24 in

the high freguency path in the arrangements of Figure 2 where

¢

a feedback path is provided for the linear amplifiey 18 used

does not contain any LFP components. As a congaguence the peak-
to-peak amplitude of the signal to be amplified by the linear

amplifier in this arrangement 1is greater than the-peak-to-peak

amplitude would be if it were a full spectryum snvelope signal.

This reduces the efficiency of the linear amplifier 24 as its
supply railzs must be set to allow linear amplificataion of this

large peak-on-peak signal,

In the arrvangement of Figure 5, the high frequency filter

23 is eliminated and a full spectrum signal provided to the

input of the linear amplifier. In addition the feedback path
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is taken from the output of the linear amplifier rather than
the output of the combiner. This avoids the Llow freguency
content being removed by the feedback {as the signal at the
output of the combiner includes the low frequency signal

content present in the full sgpectrum signal in the correction

path) . Hence the linear amplifier 24 is required Lo amplify a

full-spectrum signal which has a lower peak-to-peak amplituds

than the signal at the output of the linear amplifier in the

prior art arrangements of Figures 2 Lo 4.

Figurs 5 is also adapted to show the modulator

architecture which supports two powey amplifiers, such as both

28 and  3G/4C power amplifisrs, as described above with

reference to Figure 3.

For example in 268 meode the blocks {(including the lineay

amplifier} in the correction path are digabled, and Lhe
switched mode amplifier reverts to a peak-current-mode
controller with a single inductor-capaciteor section (two pole;

output filter provided Dby inductor 28k and capagcitor 28,

providing a modulated supply to the power amplifier. In 3G/4G

mode the bhlocks including the linear amplifier} in  the

correction path are enabled, and the modulated supply voltags
is provided on line 32 to the 3G/4C amplifier 204, with the

amplifier 202 disabledqd.

Thus the converter 22 as shown in Figure 5 may be

operated in a fixed supply mode or in a full envelops tracking

mode .

Further modifications may  be implemented in  the

arrangemnent of Figure 5, examples of which f[ollow.

To maximise efficiency, a DC offiset wvoltage 44 18

sptionally added teo the inpubt signal toe allow rail-to-rail
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cperation of the linear ampiifier. The wvalue of the DO olfset

voltage iz chosen to position the DO voltage at the cutput of

the subtractor 42 to allow the lowest possible supply voltage

to e used for the linear amplifier 24.

The linesar amplifier is preferably alwayvs operated with
the minimum possible supply voltage, which is provided by an

efficient switched mode supply.

~

any delay associated with the switched nmode amplifier 24

in the low frequency path may optionally be compensatasd using

a delay matching element 1% 1in the high freguency path

including the linsar amplifisr.

e

Considering Figure § further, the output voltage of the
supply modulator 22 ig provided by a buck switchery formed of
the switches 52a, 52}3 connected to a battery supply voltags
Vhat. The linear correction path ig added to the buck switcher
cutput, to provide high frequency c¢orrection to the low
fregquencoy switched voltage, via the AC coupling capacitor 20a.
e a result of combining with the correction wvoltage, the
modulated supply is hence c¢apable of providing shori Learm
output veltages on line 32 which are hugher than the supply
voltage Vbat. Howsver the average output voltage on line 32

can be noe larger than Vbhat,

There are some circumstances in which having an average
output voltage which camnet exceed the supply (battery]
voltage may be a problem. For sexample, this may be a problem
when operating with a depleted battery with a low peak-to-

average-~power {(PAPR} signal, as the average output voltage may

then need to be higher than the battery voltage. Hence 1t ia

degirable for the switched mode power supply 22 o be capable

of both buck and beoost operation, to boost the average oulput

voltage to a level above the batitery voltage Vbat.
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It is well known in the art that conventional boeost mods
converters are difficult to stabilise on account of a yright-
half-plane (RHP} zero in theiy response chavacteristic. This
resulbts in such converters exhibiting a& much lower closed Loop
handwidth for a2 given switching {freguency than a buck
converter. Mest pricr art converters incorperating boost

converters sufifer from thisg disadvantage,

A preferrved arrangement addresses these priory art problems

by providing a voltage supply stage comprising an input supply

voltage., A first and a second switch are connected in series,

the fFirst and second series connected switchesg heling connected

in parallel with the input veltage source. A third switch and

capacitor are connected in parallel with the first switch., A

Fourth switch i3 connected between the connection of the thira

switch and the capacitor and an oubput., A fifth switch 1s
connected bhetween the output and electrical ground. In a

first phasge of operation, the first and fourth switches are

clozed, and the second, third and fifth switches are open. In
a second phase of operation the second, third and L[ifth
awitches are closed, and the first and fourtn switches are
DDETL . The duty coyvcele of operating phases 1s controlled such

rhat the average veltags on the cutput varies between ¢ volbs

and twice the input' supply voitage, This i3 now deascribed

more fullv with reference to the following Figures.

Figures 6{a} and &i{b} illustrate a switched capacitor

voltage doubler cascaded with a buck cubtpub stage in which ail
switches are synchyonously driven, in accordance with  an

amnbodimnent of the invention. Thig embodiment shares the sames

control characteriatics as a conventional buck converter but

does not suffer from the bandwidth limitationg suffered by

AXSMDLATY

N

most boost and buck-boost converter topologies. The
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arrvangements include a battery for providing the input voltage

SQUICE,

The buck outpubt stage in Figures ¢{a) and &{b} comprizes a
hattery 100, switches 102, 104, 106, 108, 110, and a capacitor
112, The battery 100 is connected between nodes 101 ang 105,
The ewitch 102 is connected between nodes 1031 and 183, The
awitcoh 1084 is connected between node 103 and node 105, The

switeh 10858 is connected between nodes 101 and 1087. The

capacitor 112 is connected between nodes 103 and 107. The
switceh 108 is connected betwesen nede 107 and node 111, The
switch 110 ig connected between node 105 and node 111, Node
105 is connected to electrical ground. Node 111 1is connected
to  an  output line 114 on which the output wvoltage 1Ls

generated.

Figure 6{a) shows the operation in a first phase (phase 1]
»f the switching cvele, and Fig 6{b} shows the operation in a

saecond phase {phase 2} of the switching cycle,

In the first phase of operation, as shown in Figure 6&{a},

the switches 102 and 108 are closed, and the switches 104, 106

and 110 are open. The arrow 202 dencotes current flow in the

arrangement of Pigure &6{a;.

In the second phase of operation, as shown in Figure &i{b},
rhe switcheszs 104, 1048 and 110 are c¢losed, and the switches 102
and 108 are open. The arrvrows 204 and 206 denote current Llow

in the arrangesment of Figure &6({b}.

A controller, which is not shown in Filgures &{a} and &b},

controls the switching between the first and second phasses of

operation. By controlling the switching between the [lvst and

second phases of opsration, and the duration £or which each
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phase iz active {i.e. the duty cycle), the supply voltage can

vary between zero volts and twice the battery voltage.

The supply rail to the output buck switches 108, 110 at node

187 wvaries between voltages Vbhat and 2xVbat, but the average

output voltage ©f this stage can ke set to any value between

OV and 2Vbat depending on the waveliorm duby coyvele.

As shown in Figure 6{¢} the output voltage on line 114

comprisaes a pulse which switches bpetween OV and 2xVbhat, The

duty cvole of switching between the first and second phases

can be varied to provide a desired average veltage betwesn 0

volos and 2xvbat

The topology of Figures €{a} and &{(b) does not exhibit a

right-half-plane zero and hence doessg not suifer the problems

of the prior art and is capable of high closed loop bandwidih.

Figure 7{a}) shows an extension o©f the principle described

with vreference to Figures &{a) and &b} to provide a ILwo

ocubtput buck-boest converter capable ©f outputting two oubput

voltages each having valuss between § volts and 2xVbat.

As illustrated in Figure 7{a}, the c¢ircuit of Figures 6{a}

and (k) is extended to include further switches 116 ang 118,
Switch 1186 1is connected between node 105 and a nods 113.
Switoch 118 is connected between nodeg 107 angd 113, Node 113 is

connected to an output line 115 on which & gecond oubput

voltage 15 generated, the output voltage on line 114 now being

reaferred to as a first oubput voltage.

In a buck and boost operation the circult of Figure 7{a} may
he controlled similar teo the controel of the circuit in Figures

dla) and &i{b}. Figure 7{a) shows the switches in a first

phase of operation, congistent with Figure &{a}). In a sscond

phase of cperation the switches of Figure 7(a} may be switched



14

20

23

30

135

to the positions shown in Figure 7{b}, with switch 118 open
and switch 118 closed. Different voltages are achieved for
the first and szecond voltages by controlling the duty cvcele of

the switch pairs 108/110 and 118/116 independently. A lower

vaoltage ocutpubt is produced by curtailing the pulse widith of

the lowey voltage buck output stage.

The arrangement ©f the switches in Figure 7{b} i1llustrates a

buck only mode of operation, in which the cutput voltage may

cnly vary between 0V and Vbhat. In this wmode, switches 106 and

104 are permanently cloged, and switch 102 18 permanently

sjel3s N Switches 108 and 110 are toggled in fivst and second
chagses of operation to wvary the duty cyocie of the oulpul
waveform and achlieve an average voltage between 0§ volits and

Vbat.

Thus 1f a boost operation is not reguired, the switched

capacitor deubler can be get to a fixed ‘through’ wmode as

ahown in Figure 7({b}, with only switching between ¢ and Vbat
ocourring in the buck output stage, thereby reducing losses

asaociated with both stages.

if a peak-current-mode control switcher 18 used as the
switched mode amplifisr 22 in the low {freguency path, an
exemplary implementation of which is illustrated in Figure 4,
the loop dynamics avre unaffected by the sgudden change of
supply rail vwvoltage feeding the buck oubtput stage, as the

action of the current feedback is to make the inductor pDehave

as an ldeal current source.

Figqures 7{c} and 7{d} dillustrate the generation ooi Lwoc

supply voltages in buck-boosgt operation.

As illustrated in Figure 7{¢}, for the first output wvoltage

voutl the pulse width wmodulator contrels the switches to
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maintain a high average voltage, such that in this example the
first output voltage Voutl has an average value higher than

Vioat .

Az illustrated in Figure 7{d}, for the second output voltage
Vout2 the pulse width wmedulator controls the switches to
maintain a lower average voltage, such that in this exawmple
the seceond output voltage Vout2 has an average value lower

than Vbat.

Figure 8 shows the dual-oubtput buck-boost architecture of

7{a} applied in the advantagecus context of an exemplary

envelope tracking modulater. To simplify the illustration, the

low freguency path including the pulse widih modulator 50 fox

conbrolling the switching of the switcher i1s not fully shown

in Figure 8.

The reference numeral 123 denotes the boost-buck switched
supply stage of Figure 7{a}, which replaces the switches >Jia,

R2bh ©f the Figure 5 arrangement, The arrow 125 dencotes the

control sicnal f£or the switches of the boost-buck switched

supply stage, which are provided by a pulse width nodulator

(such as pulse width modulator 50 of Figure 4}, opearating
under the control of a signal repregenting the low {reguency

variaticon in the reference signal.

A main supply is previded on the line 115 corresponding to
the second output voltage in Figure 7{a) and is used Lo
pravide the low freguency part of the medulator output (afterx

Filtering) .

A lowar powery auxiliary supply may be provided on line 114

corresponding to the first output wveltage in Figure §(a}, and

is used to provide the supply rail fo the coxrection path

linear output amplifier 24, The lowey power auxiliary supply
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ig provided to the linear amplifier 24 through an inductor-
capacitor filter arrangsment provided by inductor 129 and
capaciteor 122, which mirrors the inductor-capacitor filter
arrangement provided by inductor 28k and capacitor 28¢ in the

low frequency path.

As illustrated further in Pigure 8, twoe switch controllers
are provided: a first PWM peak current mode controller 124 and

a second PWM peak current mode controlliesr 126.

With reference to Figure 8 there 1is illustrated an
advantageous arrangement in the correction path in which a

feedback path for the linesar amplifier 24 is taken directly

from the output of the linear amplifier, rather than the
cutput of the combiner, In addition the high pass filter 20

of the Figure 3 arrangement is eliminated. Ag a result a

Lo

full-spectrum  repregentation of the reference signal 18
provided on the path 14 rather than a signal with low
fraguency components removed, as  in  the arvangements of
Figures 1 and 2. Such an arrvangement offers efficiency
improvements over the prior art, as it allows The peak-to-peak
supply voltage of the linear amplifier 24 to be minimised.
Embodiments of the dinvention are preferably implemented in
auych an arrangement, although the invention and embodiments

are not limited to sugh an advantagecous arrangement. The

invention ig advantagesously applised in such an architecture.

Fach of the controllers 124 and 126 regelve bhe low

freguency reference signal {or envelope signal} as an input,

such as the gignal on line 16 in Figure 3 {or a signal dsrived

therefrom). The first PWM peak current mode conbtroller 124
controls the saswitches 118 and 116 which are used Lo produce

the awitcher outpub voltage on line 115, and tha sgecond PRWM

peak current controlier 128 sgynchronises in freguency and
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cshage with the first controller and controls the switches 108

and 110 which are used to produce the voltage supply for the

linear amplifier on line 114. Thus each o©f PHM peak mode

controllers 124 and 124 1s shown to provide general control
signals 12%a3 and 125b, which form part of the control signals

125 to the switched supply stage 1£3,

Voltage doubler switches are controlled by the PEM waveiorm
of the first or second controller, whichever has the larger
duty ovele, to ensure the input toe boeth hali-bridge stages
{switches 108, 110 and 118, 118} is 2Vbhat when switches 108 or

118 are made (oelos

ey "IN

23} . EBguivalently, the PHUM waveiorm

controlling switches 102, 104 and 108 is a logigcal (OR?

Function of the PWM waveforms of contyrollers 1 and 2 {(i.e

controllers 124 angd 126} .

The main cutput supply on line 115 1s wmodulated, whereas the
auxiliary output supply - namely the output to the linear
amplifisr on line 200 - may be a fixed voltage, or a voltage
which is set according teo the average power of the RF gignal

on & siot-by-slobt basis in a communication system which 1s

time-slot based.

Activation of the boost mode to increase the oubtput voltage

to up bo double the battery voltage can be controlled directly

by a baseband controller, for example on a slot-by-siot basis,
depending, for example, on any ong or combination of the RF
power level, the peak-to-average power ratio, and the battery
voltage in a time-slot, The bassband controller can control
the PWM peak current mode controllers 124 and 126.

With reference to the linear amplifier feedback arrangement

of earlier Figures, the signal at the outpubt of the linear

-

amplifier 24 in the high freguency path is not a full-spectrum

signal Dbecause i1t doses not contain  any low freguency
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components. As a conseguencs the peak-to-peak amplitude of the

signal at this point is greater than the-peak-to-peak

amplitude would be i1f the full spectyum of the envelope signal
were present. This reduces the efficiency of the linear
amplifier 24, as its supply rails must be setbt to allow linear
amplification of this larger peak-to-peak signal.,

In an alternative improved arrangement as shown in Figure 3,

the feedback path is taken from the output o©f the linear

amplifier 24 itself rather than the output <f the combiner,
and thus provides a signal which has a full spectrum envelope
signal. Hence the feedback signal has lower peak-to-peak
amplitude than the signal at the output o©f the linear
ampliifier 1inn the prior art linsar amplifier feadback

2arlier Figures,

A

arrangement of

With veference to Figure 8 there 1s 1llustrated an

advantageous arrvangement in which a feedback path for the

linear amplifier is taken directly from the output of the

linear amplifier rather than the output ¢f the combiner.

Alternatively Lo the arrvangement of Figure 3§, autonomous

P

contrel of the boost setting may be possible by comparing the

awitcher output voltage or a egcaled version of the input
referance voltage on line 16 o©f Figure 10 with a threshold
voltage which may be defined as a percentage ©f the current
battery voltage asg shown in Figure @. Thig reduces the

Firmware burden on the bhaseband controller.

with reference to Figure 2, a comparator 128 1is introducsd
which  generates =] contral siognal on line 130 for
enabling/disabling the veltage doubling circuitry provided Dy
the switches 104, 102, 108 and the capacitor 112, generally

denoted by reference numeral 123.
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The comparator 128 is arrangsed bto compare the output voltage

at the switched output, detescted at the neode at the junction

of inductors 28a and 28k and provided as a

first input to the
comparator 128, with a threshold wvalue ab the second inpub to
the comparatbtor 128. The threshold voeltage is provided at ths
junction of resistors 134 and 138, the other terminal of
reaigtor 134 is connected to Vbhat, and the other terminal of

ragistor 136 is connected to electrical ground.

If the wvoltage doubling circuitry 132 1is disabled, the
cubpul veltages are generated by the respective ocubput stages
compriging switched pairs 188/110 and 116/118 as conventional

buck stages. This allows the respective output voltages to

switch between 0V and Vbhat. When enabled, the voltags
doubling civcuitryy 132 allows the resgpechtive oubtput voltages

to switch hetwesn OV and 2xVbhat.

In dependence on the comparison in the compavator 128, the

voeltage doubler circuitryry 132 is  enabled o©or disabled Dy

control lins 130,

A block level architecture of an envelope tracking modulated

powey supply, including the autc-enabled boost-buck switcher
of Figure %, 1is shown in Figure 1¢ in the context of an

advantageous feedback architecture in the correction path. In

Figure 10 the supply voeltage to the linear amplifier is not
shown to simplify the illustration, and therefore a dual-

cutpul switched supply i3 not shown. However it will be

apparent how the dual mode switched supply of Figure? may be

utilised in the arrvangement of Figure 10 to provide a supply

to the linsary amplifisr 24.

With reference to Figure 10 there 1s illustrated an

advantageous arrangement in the correction path in which a

feedback path for the lineayr amplifier 24 is taken directly
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from the output o©f the linsar ampliifier, rather than the

output <¢f the combiner. Iin addition the high pass filter 206

of the Figure 3 arrangement is eliminated. Az a result a

full-gpectrum representation o©f the reference signal is

provided on the path 14 rather than a signal with low

freguengy components removed, as in  the arrangements of

Figures 1 and 2. such an arvangement offers efficiency
improvementis over the priocr art, as it allows Lhe peak-to-peak
supply voltage of the linear amplifier 24 Lo be minimised.
Embodimenta of the invention arve preferably implemented in

such an arrangement, although the invention and embodiments

are not limited to such an advantagecus arrangement.

With furthery reference to Figure 10, to maxXimise efficiency,
a DC offset is preferably added to the inpub signal to allow

rail-to-rall opesration of the linear anplifier 24. The value

of the DC offszet voltages is chosen to position the DC voeltage

at the output of the substractor 42 to allow the lowest
possible supply voltage to be used for the linear amplifier

44 .

The linear amplifier 24 is preferably always operated with

the minimum pessible supply voltage, which 1is provided by an

sfficient switched mode supply. Preifervably the supply voeltage

to the linear amplifier is provided in accordance with the

arrvangement of Figure 10 although thig 13 not shown in Figurs

&

In Figure 10 any delay associated with the switcher in the

low freguency path may optionally be compensated [or using a

delay matching element in the high freguency path including

the linear amplifier, as denocted by delay element 19.

In Figure 9 and Figure 10 it 1is shown that the comparator

128 compares a thresheld volitage to the gutput voltage of the
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low freguency path. Howeveyry the output veltage ©f the 1ow

frequency yath 1is derived from the low freguency part ¢f the

reference voltage, and the threshold voltage may be compared

W

o any signal which is derived from the low {reguency part of

the reference voltage. In the arrangement ¢f Pigures 9 and 10,

the threashold wvoltage may be compared teo the signal on line

16, rather Chan the output of the low Ifyreguency path, for

gxample.

Figure 11 corresponds to the arrangement of Figurs 10, dut
with certain optional improvements added. Compared to Figure
10, Pigure 11 includes mechanismg to  suppress yesgonant

fepdback.

As illustrated in Figure 11, in one embodiment a difference
amplifier 80 is comnected acrogs the high frequency combining

element {(the capacitor 30al, and provides a correction signal

for the path which 18 arranged Lo track Low Ireguency

variationg in the reference signal. This represents a

preferred implementation,

In this way, the voltage formed across the capacitor 30a 1is

gengsed. A scaled and offset replica of this voltage providsed

by the difference amplifier 20 is then combined in combiner 82
with the output of the wvoltage erreor amplifier 60 of the
switched mode amplifier 22 {peak-currsnt-mode buck-converter).

The scaling and cffsetting is implemented in the amplifier 80.

Thus with reference to Figure 11, a difference amplifier BO

iz provided with inpubts connected across the capacitor 30a.

The output of the difference amplifier 80 provides an input ©o

a combiney 82, which recelives as its other inpub the coubput of

the wvoltage ervory amplifier &0¢. The combiner 80 combines the

ocutput of the difference amplifiery 80 with the output o©f the
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amplifier 80 to provide the non-inverting input to the

ampliifier 58,

In an alternative arrvangement, this operation may be based
on sensing the voltage acrossz, or the curvent in, the inductor

28a.,

In different implementations the sgsensing circultyry may Dbe
arranged to sense gurrent or voltage and the embodiments

described herein are exemplary.

Thus in general the voltage or current developed acrossd O

in an elienent of the combinery is sensed, being either & low

freguency or high freguency combining element.

A block level architecture of & an envelope tracking

modulated  power, including the auto-enabled  bhoost-buck

switcher of Figure 11, is shown in Figure 11 in the context of
an advantagecus feedback architecture in the correction path.

In Figure 11 the supply voltage to the linear amplifier 1s not

shown to simplify the illustration, and therefore a dual-

cutput switched supply is not shown., It will be apparvent how

the dual mode switched supplyv of preceding Figures may provide

a supply to the linear amplifier 24.

Figure 12 illustrates aspects of earlier Figures, and where
aspects of earlier Figures are implemented similar reference
npumerals are used, Figure 12, and following Figure 13, are
however used to illustrate further embodiments of tLhe

invention.

With reference to Figure 12 a power amplifier of a 26

operation is denoted by reference numeral 100a, and a8 power

amplifier of a 3G/4C cperation is dencoted by reference numeral

100h. ERach of the power amplifiers 100a and 100b may recaive
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a respective RP input sgignal on line 10Za and 1020, and

generate a respective RF output signal on line 104a angd 104b.

Az dencoted Iin Figure 12, consistent with the {oregoing
description, the 2G amplifier 100a receives a supply voltage

5 only from the low freguency path and in 2G operation the high
freguency path and 33748 amplifier are disabled, The 3IG/4G
amplifier 100b receives & supply signal from both the low

fregqueney path and the high freguency path, which paths are

hoth enabled and the 2G amplifier 100a is disabled.

10 The linear amplifier 24 may be disabled by opsning switche

108 {not shown in Pigure 12 but shown in earlisr Figures), o
disabled by other means. In this way the fixed power drain
agsocliated with the inevitable guliescent current of the linsar

amplifier 24 18 saved,

i35 When operating in 28 {GSM/EDGE! mode, a phvsically large
3 ¥

inducteor may need to be provided at the output of the low

freguency path to allow for the potentially larges ocurrents

which are reguired in this wmods. Currents as high as 2.534,

for example, mav nesd to be handled in 26 mode. The presence

280 of such large currents dictates that the inductors at the

sutput of the PWM 50 need to e large to hancdle such currents.

To avoid the need for a phyvsically large inductor, in
accordance with this embodiment o©of the invention, there is
additionally provided a supply path directly to the supply

b

25  woltage Vpaee via switch 105,

Figure 12 thus illustrates an avrangement in which a pair of

amplifiers 100a and 100k provide power amplification in either
23 or 33743 modes of opsration in  accordance with  the

principles of this invention as described above. In accordance

30 with this embodiment of the invention, the operation may be
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applied for low and medium outpul power. A low or medium

nowaer may be defined according to the maximum current ratings

of the inductor in the low fregquency path,

At higher output powers, however, the configuration may

5§ switch to a battery byvpass mode, Eor 206, in which the battery

supply 18 provided to the 2G amplifier 100a by the power
SUpPPly Vesee ¥via swibtch 105.

Figure 13 illustratez a modified arrangement which supports
a single BF amplifier (100} capable of 23 and 3G/4CG operation

10 in accordance with embodiments of the invention, but which

does not reguire the low freguency path toe handle large
currents and thereby implement a large inductor,

With reference to Figure 13 portionsg of esarlier drawings are

shown, and reference numerals corresponding  to earlier

15 drawings are shown where appropriate. Only those portions of

carlier drawings are shown which are required to implement

this embodiment. As shown in the embodiment, an oculpul powar

amplifier 100 is provided having an RF input on line 102 and
an RF output on line 104. The RF power amplifier 100 receives

20 a3 modulated supply veltage on line 106,
In accordance with the foregoing arrangements, the modulabted

powar supply on line 106 is provided either by the low

fregquency path alone, or by the low fregquency path in
combination with the high fr@quenc:y. patii, Further in
25 accordance with this embodiment, the power supply on line 106
may aisc be provided directiy from the supply voltage, Vs,

via switch 105,

The gingle power amplifier 100 is capable of operation in

any one of 26, 3G, or 4G modes. In a8 low and medium power 2G
3 mode of operaticon the linear amplifier 24 1is disabiesed and

awitch 140 is closed and awitch 105 is open.
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The inductors of the low fregu

oy N

2y path  28a, 28k are
reqgquired to handlie the currents necessary for the voltage
supply for the 26 operation at low and medium output power.
This mode of operation is referred to average power btracking
D (BET) .

‘I

Howaveyr, in  acoordance with this embodimant, thisz low

fraguaney path can be further Dbypassed for nigh power
operation, and the powey supply to the amplifier 100 can be

provided directly from the supply voltage Veae by closing

i3 switches 105 and 140 and disgadbling linear amplifier 24.

Low oy medium power may e defined according to the maximum

current ratings of the induetor in the low frequency path, and

b o

therefore may be implementation dependent.

The inventicon and its embodiments relates to the application
i3 of envelcope tracking (BT} to radio freguency (RF) power

amplifiers, and  is applicable to a bread range - of

implementations including cellular handsets, wirelesgs

infrastructure, and military power amplifier applications at

high fregusncies to microwave freaguencies.

2{ The invention has been describad herein by way of example
with reference to embodiments. The invention is not iimited to
the described emboediments, nor to specific combinations of
features in embodiments. Meodifications may be made Lo the
empbodiments within the scope of the invention. The scope o©of

25 the invention is defined by the appended claims.

34
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CLAIMS:

1. An amplification stage 1ncluding an envelope tracking

modulated supply for tracking a reference signal, comprising a

low frequency path for tracking low frequency varliations 1n

the reference signal and for providing a first output voltage,

—

and a high frequency path for trackling high frequency

variations 1n the reference signal and for providing a second

output voltage, and a combiner for comblning the first and

second output voltages to provide a third output voltage, the

amplification stage further comprising a first power amplifier

arranged to recelve the first output voltage as a supply

voltage, and a second power amplifier arranged to receilve the

third output voltage as a supply voltage, whereln the first

— —
e

"erent modes of

and second amplifiers are enabled 1n d:

operation, further comprising means for determining the power

1n the low frequency path when the first power amplifler 1is

enabled.

—

2. The amplification stage of c¢laim 1 wherein the high

"requency path i1ncludes a linear amplifier, whereln the lilnear

amplifier is enabled/disabled when the second power amplifier

is enabled/disabled.

—

3. The amplification stage of claim 1 or claim 2 whereln

"1rst power amplifler 1s disabled when the second power

amplifier 1s enabled.

—

4. The amplification stage of any precedling clalm whereln

the second power amplifler 1s disabled when the first power

amplifier 1s enabled.
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The amplification

enabling a path to a

32

—

stage o claim 1

power exceeds a threshold.

o .

The amplification

disabling a path to a

—

stage o claim 1

power 1s below a threshold.

/.

The amplification

supply to the first a

selectively receive elther the

output voltage.

S .
the

£

DGE

9.

the second power ampl:

mode

The amplification

first power ampl]

P~

stage of c¢lalm O

further comprising

DC supply voltage when the determined

further comprising

DC supply voltage when the determined

Or © whereiln the

mpliflier, when enabled, 1

—
_—

stage ol

—

mode of operation.

The amplification

—
_—

fler 1s a power amplifiler

s arranged to

DC supply voltage or the first

any preceding c¢lalm whereiln

for a 2G or

stage of any preceding clalm whereln

fier 1s a power ampl]

fier

—

of operation.

for a 3G or 4G

10. The amplifcation stage of c¢laim 2, wherein there 1s
provided a feedback path from the output of the lilnear
amplifier to the 1nput of the llinear amplifier, such that the
linear amplifier amplifies a silgnal comprising the full

spectrum of the

11.

An RF amplifier 1ncluding an ampli

—

one of claims 1 to 10.

frequencies 1n the re:

‘erence signal.

)

fication stage of any
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12. A wlreless communilication system including an

— —

amplification stage of any one of claims 1 to 10.

13. A wireless mobile device 1ncluding an amplification stage

o~ —

of any one of claims 1 to 9.

14. A method for an amplification stage 1ncluding an envelope

r—

trackling modulated supply for tracking a reference signal,

—

comprising a Jlow frequency path for tracking low frequency

variations 1n the reference signal and for providing a first

—

output voltage comprising a supply voltage for a first

—

amplifier, and a high frequency path for tracking high

"requency varlations 1n the reference signal and for providing

a second output voltage, and a comblner for comblning the

"1rst and second output voltages to provide a third output

voltage comprilising a supply voltage for a second amplifier,

determining the power 1n the low frequency path, and enabling

a path to a DC supply voltage when the determined power

exceeds a threshold, whereln the method comprises enabling one

— —
=

of the first and second output amplifiers 1in di

"erent modes

—
=

of operation.

15. The method of c¢claim 14 further comprising disabling the

path to the DC supply voltage when the determined power 1s
below the threshold.

10. The method of c¢laim 14 or 15 wherein when the first

—
=

output amplifier 1s enabled the supply voltage of the

amplification stage 1s elther the DC supply voltage or the

C1rst output voltage.
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17. The method of any one of claims 14 to 16 wherein when the

second output ampli

amplification stage

18. The method of

fier 1s enabled the supply voltage of the
1s the third output voltage.

claims 14 to 16 wherein the amplification

— —

stage 1s capable of a 2G mode of operation when the first

amplifier 1s enabl

second ampliflier 1s

ed or 3G/4G mode of operation when the

enabled.
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