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HIGH EFFICIENCY LINEAR TRANSMITTER

Technical Field
The present disclosure generally relates to transmitters. More particularly, various

aspects of the present disclosure relate to high efficiency linear transmitters.

Background

Achieving spectral efficiency is an important issue for wireless communications,
since the available Radio Frequency (RF) spectrum is a limited natural resource.
Spectrum efficient linear modulation schemes with varying signal amplitude have
been used in new generations of wireless systems, such as 3G based systems,
Wireless Local Area Network (WLAN) based systems, and Worldwide Inter-
operability for Microwave Access (WiMAX) based systems.

The ongoing demand for cost reduction has resulted in the evolution of basic base
station systems into multi-carrier type base station systems. In multi-carrier type
base station systems, RF carriers with fluctuating envelopes are combined to form a
composite source signal. Such combination of multiple RF carriers causes the peak-
to-average ratio (PAR) of the composite source signal to increase, thereby enhancing
the need for distortion-free amplification. Without distortion-free amplification, the
spectral properties of the composite source signal will deteriorate due to inter-
modulation distortion (IMD), which may cause interference for users in adjacent
channels of the spectrum. Distortion-free amplification is typically achieved through

the use of a linear transmitter and a linear RF power amplifier (PA).

Both linearity and efficiency are issues of concern during wireless transmission.
Typically, linearity of RF amplification is achieved either by reducing power
efficiency or using linearization techniques. For example, the linearity of linear PAs,
such as class-A PAs and class-AB PAs, can be improved by reducing the level of
input signals. However by reducing the level of input signals, there is a need for the

PA to operate in high linearity power region. Consequently higher saturation power,
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than is normally required, is needed to operate the PA. Hence power consumption of

the PA may be increased to operate the PA in high linearity power region.

When factors such as an increasing number of base stations and mobile device
battery power limitations are taken into consideration, increased power consumption
is not desired. To overcome the problem of increased power consumption during
linear amplification, the use of a linear RF PA may be replaced by the use of a
nonlinear high efficiency PA. Over its intended power range, the nonlinear response
of a nonlinear high efficiency PA can be made linear through the use of amplifier
linearization techniques. One such amplifier linearization technique is known as

Linear Amplification with Nonlinear Components (LINC).

Fig. la shows a conventional LINC transmitter 100. The conventional LINC
transmitter 100 includes a Signal Component Separator (SCS) 110, a first power
amplifier 120a, a second power amplifier 120b and a combiner 130. The SCS 110
receives an input signal (not shown) and transforms the input signal to two signal
components (not shown). Each of the first and second power amplifiers 120a/120b
has an input and an output that are coupled to the SCS 110 and the combiner 130,
respectively. Each of the two signal components are provided to the corresponding
first and second power amplifiers 120a/120b and amplified, before being provided to
the combiner 130. The combiner 130 receives the amplified signal components and

combines them to produce an output signal (not shown).

The overall efficiency of the conventional LINC transmitter 100 depends upon the
power efficiency of the first and second power amplifiers 120a/120b, the efficiency
of the combiner 130 itself, and the efficiency of the signal recombining process. By
operating each of the first and second power amplifiers 120a/120b in class E or class
F switching mode, the power efficiency of the first and second power amplifiers
120a/120b can be maximized for an input signal that has a constant envelope. Under
such operating conditions, the efficiency of the LINC transmitter 100 is critically
dependent upon the type of the combiner, since it determines the recombining

efficiency.



10

15

20

25

30

WO 2009/123568 PCT/SG2009/000111

Two types of combiners are conventionally employed, namely, a matched hybrid
combiner or an unmatched lossless combiner. The hybrid combiner is a matched and
lossy combiner with high isolation between the amplified signal components. If a
hybrid combiner is used in the LINC transmitter 100, the linearity of the output signal
can be improved. This is due to the isolation between the amplified signal
components. However, the recombining efficiency with the hybrid combiner is low
because part of the amplified signal components’ energy is combined out of phase

and dissipated as heat energy in a passive load (not shown).

On the other hand, the unmatched lossless combiner does not provide isolation
between the combined paths, and introduces significant interaction between the first
and second power amplifiers 120a/120b.  Therefore, the unmatched lossless
combiner is more efficient than the hybrid combiner, as the outputs of each of the
first and second power amplifiers 120a/120b are coupled. This output coupling
results in the provision of time varying loads to the outputs of first and second power
amplifiers 120a/120b as the phase difference between each of the component signals
varies. The efficiency and linearity of the LINC transmitter 100 therefore depends on
how each of the first and second power amplifiers 120a/120b responds to the time

varying load.

For example, if each of the first and second power amplifiers 120a/120b behaves
similarly to ideal voltage sources, the power consumption will be directly
proportional to the load impedance. Therefore, the efficiency of the LINC

transmitter 100 in such an ideal situation remains high at all output levels.

However, due to limitations in device technology, the use of the unmatched lossless
combiner may significantly degrade the linearity of the LINC transmitter 100. One
such device technology limitation arises because each of the first and second power
amplifiers 120a/120b does not behave as an ideal voltage source, especially at high
frequencies in the gigahertz (GHZ) frequency range. Therefore, due to linearity

considerations, the hybrid combiner is typically used in the LINC transmitter 100.
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When a hybrid combiner is used in the LINC transmitter 100, full signal dynamics
must be reproduced. This is achieved when the first and second power amplifiers
120a/120b continuously generate a maximum output. Therefore, a constant amount
of Direct Current (DC) power is required and consumed by the LINC transmitter 100,
even when the combined instantaneous output power from the first and second power

amplifiers 120a/120Db is zero.

Therefore, although the first and second power amplifiers 120a/120b are able to
operate with high power efficiency, DC power consumption by the LINC transmitter
100 is substantial when the amplified signal components are generated at maximum
output power and are out of phase with respect to each other. Consequently, the

recombining efficiency of the LINC transmitter 100 is adversely affected.

It is therefore desirable to provide a solution for addressing at least one of the

foregoing problems of the conventional LINC transmitter 100.

Summary

In accordance with an aspect of the invention, a signal transmitter is provided. The
signal transmitter comprises a control module, a signal component separator module,
a power amplifier module and a signal combiner. The control module has a first
input coupled to receive an input signal, a second input coupled to receive a threshold
signal, and an output configured to provide a control signal. The signal component
separator has a first input coupled to receive the input signal and a second input
coupled to receive the control signal. The signal component separator also has a first
output configured to provide a first signal component and a second output configured
to provide a second signal component. The power amplifier module has a first input
coupled to the first output of the signal component separator module, a second input
coupled to the second output of the signal component separator module, a control
input coupled to the output of the control module, a first output and a second output.
The power amplifier module also has a first circuit portion coupled to a first power

supply voltage and a second circuit portion coupled to a second power supply
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voltage. The signal combiner has a first input coupled to the first power
amplification module output, a second input coupled to the second power amplifier

module output, and an output configured to provide a recombined output signal.

In accordance with another aspect of the invention, a signal transmitter is provided.
The signal transmitter comprises a comparator, a signal component separation
module, a power amplifier module and a signal combiner. The comparator has a first
input coupled to receive an input signal, a second input coupled to receive a threshold
signal, and an output. The signal component separation module has a first input
coupled to receive the input signal, a second input coupled to the output of the
comparator, a first output and a second output. The power amplifier module has a
first input and a second input respectively coupled to the first and second signal
component separator outputs, a control input coupled to the output of the comparator,
a first output and a second output. The signal combiner has a first input and a second
input respectively coupled to the first and second power amplifier module outputs,

and an output.

In accordance with yet another aspect of the invention, a signal transmission method
is provided. The signal transmission method comprises determining whether an input
signal amplitude corresponds to a low power condition and selectively up-scaling the
input signal amplitude based upon whether the input signal corresponds to a low
power condition. The signal transmission method also comprises performing a signal
component separation upon the selectively up-scaled input signal to generate a first
signal component and a second signal component. The signal transmission method
further comprises amplifying at least the first signal component, selectively
compensating for the selective up-scaling of the input signal amplitude and

generating a recombined output signal.

Brief Description of the Drawings
Particular embodiments of the disclosure are described hereinafter with reference to

the following drawings, in which:
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Fig. 1a shows a conventional Linear amplification with Nonlinear Components
(LINC) transmitter including a Signal Component Separator, a first power amplifier,.

a second power amplifier and a combiner;

Fig. 1b is a table of calculated total recombining efficiency values corresponding to a
conventional LINC transmitter operating in accordance with several typical

modulation and filtering combinations;

Fig. 2a shows a linear transmitter including an input module, a converter module, an
amplifier module and a combiner, in accordance with an embodiment of the

disclosure;

Fig. 2b is a table of calculated total recombining efficiency values for a conventional
LINC transmitter and a linear transmitter according to an embodiment of the
disclosure, each operating in accordance with particular typical modulation and

filtering combinations;

Fig. 3 shows a simulated output spectrum at the amplifier module and the combiner
output of the linear transmitter of FIG. 2, using a 64-QAM signal as an input signal;

and

Fig. 4 is a flow diagram of a signal transmission process according to an embodiment

of the disclosure.

Detailed Description

Various embodiments of the present disclosure are directed to a high efficiency linear
transmitter that can be used in applications such as wireless products involving high
linearity Radio Frequency (RF) power amplification. Examples of such wireless
products include 3G mobile phones, 4G mobile phones, wireless local area network
(WLAN) devices and multiple-input and multiple-output (MIMO) WLAN devices.
Further examples include software-defined radios and cognitive radios. Additionally

or alternatively, the linear transmitter can be used in base stations.

PCT/SG2009/000111
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For purposes of brevity and clarity, aspects of various embodiments of the disclosure
are described herein in the context of a linear transmitter. This, however, does not
preclude the applicability of various embodiments to other systems, devices, and/or
processes where the fundamental principles prevalent among the various
embodiments of the disclosure, such as operational, functional or performance

characteristics, are desired.

As further detailed below, an overall or total recombining efficiency 7,, for a LINC
amplifier can be defined as a product of 1) a power amplifier efficiency 7,; 2) a
combiner efficiency 7, representing signal loss in the combiner itself; and 3) a signal
recombining process efficiency 7, , which depends upon input signal power or

magnitude.

Figure 1b is a table illustrating representative total recombining efficiency 7,, values

calculated for a set of conventional LINC transmitters operating in accordance with
several typical modulation schemes and a square root raised cosine filtering

condition. In Figure 1b, the power amplifier efficiency 7, and the combiner
efficiency 7, are defined to be one hundred percent (100%), such that the efficiency

values shown correspond only to the signal recombining process efficiency 7, .

The values shown in Figure 1b indicate that the total recombining efficiency 7, of a

LINC transmitter depends upon the magnitude or power of the modulated input
signal. More particularly, the total recombining efficiency #,, depends upon signal
PAR. Still more particularly, total recombining efficiency 7,, decreases as signal
PAR increases. Considering one general situation, input signals that have been
subjected to high order modulations will exhibit large or expanded signal PAR, and
reduced or low input average signal power. Such high order modulations result in the
generation of out of phase amplified signal components at a LINC transmitter’s

power amplifiers, adversely impacting signal recombination process efficiency 7, .
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As described in detail below, various embodiments of the disclosure increase total

system efficiency by reducing or selectively reducing signal PAR.

In accordance with a representative embodiment of the disclosure, a linear transmitter
200 for addressing various problems associated with conventional LINC transmitters,
such as one or more problems indicated above, is described hereinafter with reference
to Figs. 2-3. An overview of an embodiment of a linear transmitter 200 is provided
with respect to Fig. 2, and representative operation of such a linear transmitter 200 is

thereinafter discussed.

As shown in Fig. 2, a linear transmitter 200 according to particular embodiments of
the disclosure includes an input module 210, an amplifier module 230 and a
combiner 240. In some embodiments, the linear transmitter 200 further includes a
converter module 220. The input module 210 can be implemented using a Digital
Signal Processor (DSP), and includes a comparator 210a, a Signal Component
Separator (SCS) module 210b and an amplitude detector 210c. The converter
module 220 includes a first up-converter module 220a and a second up-converter
module 220b. The amplifier module 230 includes a first power amplifier 230a, a
second power amplifier 230b and a power switch module 230c that switches
between, for example, a first power supply 230d and a second power supply 230e.
In various embodiments, the first and second power supplies 230d/230e provide
supply voltages having different voltage amplitudes. For example, the first power
supply 230d can provide a supply voltage having a first voltage amplitude V4 and the
second power supply 230e can provide another supply voltage having a second

voltage amplitude V4/p.

The input module 210 receives input signal S(t), which is provided to the amplitude
detector 210c and the SCS module 210b. The amplitude detector 210¢ detects the
amplitude of input signal Si(t) and determines magnitude /X/ of input signal S;(t).
The comparator 210a is provided with a selected threshold signal rq, and the

magnitude /X/ of input signal Si(t). The comparator 210a compares magnitude /X/
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of input signal Si(t) and the selected threshold signal, and generates a control signal

C(b).

The SCS module 210b receives the input signal Si(t) and the control signal C(t). The
input signal Si(t) is subsequently transformed by the SCS module 210b to a first
signal component S(t) and a second signal component Sy(t), which can be provided
to the first and second up-converter modules 220a/220b, respectively. The first and
second signal components S;(t)/S,(t) can then be provided to the first and second

power amplifiers 230a/230b, respectively, of the amplifier module 230.

The first and second up-converter modules 220a/220b serve to modulate the first and
second signal components S;(t)/Sa(t) with a high carrier frequency if a high
frequency input to each of the respective first and second power amplifiers
230a/230b is desired (e.g., when signal components generated at baseband are to be
translated to an RF carrier frequency for radio transmission). Alternatively, the first
and second signal components S;(t)/Sa(t) can be provided directly to the respective
first and second power amplifiers 230a/230b without being modulated by the first
and second up-converter modules 220a/220b if the first and second signal

components are directly generated at a desired carrier frequency.

The first and second power amplifiers 230a/230b provide gain, denoted by symbol
‘G’, to each of the respective first and second signal components S;(t)/Sx(t), thus
amplifying each of the first and second signal components S;(t)/Sz(t). The amplified
first and second signal components Si(t)/Sa(t) are subsequently provided to the
combiner 240 and recombined to obtain a recombined output signal Sy(t). The

combiner 240 can be, for example, a matched hybrid combiner.

The power switch module 230c receives the control signal C(t), which controls the
power switch module 230¢ for determining the voltage amplitude provided to each of
the first and second power amplifiers 230a/230b. For example, the control signal
C(t) controls the power switch module 230c, which is switchable between the first or

second power supplies 230d/230e for supplying either a supply voltage having the
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first voltage amplitude V4 or another supply voltage having the second voltage

amplitude V4/B to the first power amplifier 230a and the second power amplifier
230b.

Each of the first and second power amplifiers 230a/230b can be a switching amplifier
and is generally a highly nonlinear but power efficient amplifier. Examples of each
of the first and second power amplifiers 230a/230b include a class D, a class E and a
class F amplifier, where output power is proportional to the square of the voltage
amplitude of supply voltage supplied and power efficiency is ideally one hundred
percent (100%). Additionally, the performance, such as power efficiency, of a
switching amplifier is substantially unaffected by variance of the amplitude of the

supply voltage provided to the switching amplifier.

Representative operation of a linear transmitter according to an embodiment of the

disclosure, such as the linear transmitter 200 shown in Fig. 2, is described hereinafter.

An input signal Si(t) can be, for example, a general baseband band limited source

signal, which can be represented by first equation (1) as follows,
si{th=r(te™ ¢ 0Lt = (1)

Each of the first and second signal components S;(t)/S,(t) can be represented by
second equations (2) as follows, with ry.x denoting a maximum amplitude level; @(t)
with o(t) denoting the instantaneous phase of each of the first and second signal

components S;(t)/S,(t); and r(t) denoting an instantaneous amplitude level.

gl ate)]

S1{T) =gy )
Sa(f)= e € St =)
ee(t) = cos~1 14 ety

Tmax 3)
or(t) = cos™ [fﬁ_] = cos“[ﬁﬁ] C P Sy

Fih Fmex
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The first and second signal components Si(t)/Sy(t) are out-of-phase after
transformation by the SCS 210b. Furthermore, since each of the first and second
signal components S;(t)/S,(t) has constant amplitude, which is the maximum
amplitude level 7,4, they can be amplified individually by the first and second power

amplifiers 230a/230b, respectively.

In various embodiments, as represented by third equations (3) above, if the input
signal S;(t) has a magnitude or power level that is below a given (e.g., predetermined)
reference or threshold signal level ry, which can be defined as a minimum acceptable
signal level, the input signal Si(t) is multiplied by a fixed scaling factor or ratio,
denoted by symbol ‘B’. Otherwise, the input signal is not subjected to multiplication
by the ratio B. In other words, if the input signal S;(t) has an amplitude that is below
the threshold signal level ry, the amplitude of the input signal Si(t) is up-scaled by the
factor 3. Alternatively, when the input signal Si(t) exhibits an adequate, appropriate,
or high power level (e.g., its magnitude is greater than or equal to 1), the input signal

can be subjected to a multiplication in which B = 1.

As shown in third equations (3), if the instantaneous amplitude level r(t), which
determines the magnitude /X/ of the input signal Si(t), is less than or equal to the
selected threshold signal level ry, it can be determined that the input signal Si(t) is a
low power input signal. Otherwise, the input signal Si(t) is not defined as or
determined to be a low power input signal, and is hence not subjected to
multiplication with the ratio B. In several embodiments, third equations (3) can be

implemented in the SCS module 210b of the input module 210.

In several embodiments, the fixed ratio B is determined such that the instantaneous
amplitude level r(t) of each of the first and second signal components S;(t)/Sy(t) is
subsequently boosted to its maximum amplitude level 1y, if the input signal S;(t) has
a low power level. Therefore, the fixed ratio § can be determined by fourth equation

(4) as follows:

B = Tmax / Tth (4)
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The value of the selected threshold signal ry can be optimized based on signal
amplitude distribution, otherwise known as signal probability density function Py(r),
which is dependent on the type of modulation scheme and type of filtering used. The
average power 2 of the input signal S;(t) is represented by fifth equation (5) as

follows:

rr= ™ p () lar (5)

Based on the average power r* of the input signal Si(t) which is represented by fifth
equation (5) above and the maximum amplitude level ry,,, the recombining

efficiency #,, of the linear transmitter 200 is represented by sixth equation (6) as

follows:

2
r
77111 = 2 (6)

.
Fimax

For purposes of illustration, it can be assumed that the first and second power
amplifiers 230a/230b have unity gain (G =1). Therefore the symbol ‘(rmax)z’ in the
sixth equation (6) denotes maximum power which is produced at the output of any

one of the first and second power amplifiers 230a/230b.

However, where the first and second power amplifiers 230a/230b do not have unity
gain (G #1), the symbol “(tmex)® in the sixth equation (6) denotes peak power of the

input signal Si(t). Where the first and second power amplifiers 230a/230b do not

have unity gain (G #1), the gain ‘G’ provided to the average power #2 of the input
signal Si(t) is compensated by the gain ‘G’ provided to the peak power ‘(rmax)z’ of the

input signal Si(t).
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Therefore regardless of whether the first and second power amplifiers 230a/230b

have unity gain or not, the recombining efficiency 7, of the linear transmitter 200

can represented by sixth equation (6) as shown above.

The sixth equation (6) applies to a conventional LINC transmitter as well as a signal
transmitter constructed in accordance with an embodiment of the disclosure. The key
difference, however, is that for a conventional LINC transmitter, the useful average
signal power is given by the fifth equation (5), whereas for a signal transmitter
according to various embodiments of the disclosure the useful average signal power

is given by a seventh equation (7) described hereafter.

After the input signal Sj(t) has been processed, the processed input signal Si(t) has an

average power P’ , which can be represented by seventh equation (7) as follows, in

which symbol “ps(r)’ denotes the probability density of the input signal Si(t).

D2 s 2 i F nax 2
Pr= [ p, 0y [, ()= Y dr )

h h

Where the fixed ratio B of the fourth equation (4) is larger than numerical value one,
the average power P of the input signal Si(t) after processing is larger than the

average power 7 of the input signal Si(t). For optimized recombining efficiency
p p 77"1

of the linear transmitter 200, the average power P of the input signal Si(t) after
processing should be optimized by optimizing the value of the selected threshold
signal ry which in various embodiments can be predetermined by performing

simulating operations using or corresponding to the seventh equation (7) above.

Therefore, when the input signal S;(t) is a low power input signal, the PAR of the low
power input signal can be reduced by multiplying the low power input signal by the
fixed ratio B (e.g., at the input module 210). With this reduction of the PAR of the
low power input signal, power wastage during recombination of the amplified first

and second signal components S;(t)/Sa(t), to obtain the recombined output signal
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So(t), is reduced. Therefore, the recombining efficiency 77, of the linear transmitter

200 is improved.

The recombining efficiency 7, of the linear transmitter 200 together with the
combiner efficiency 7, of the combiner 240 and the power efficiency 7, 0f each the
first and second power amplifiers 230a/230b determines overall efficiency 7, of the
linear transmitter 200. Hence, the overall efficiency 7, of the linear transmitter 200
is improved when the recombining efficiency 7,, of the transmitter 200 is improved
and the power efficiency 77, of each of the first and second power amplifiers
230a/230b and the combiner efficiency 7, of the combiner 240 remain constant. The
overall efficiency 77,, of the linear transmitter 200 can be represented by eighth

equation (8) as follows:

Nor =Tg T T (8

The recombined output signal S,(t) can be represented by ninth equations (9) as

follows,

| G, (f) - Gaogll) = 2Gr(He 1 = 268, (1) ™
(9)

Salll=

Gs1{t)+ Gsa(l) = 2Gr(te M0 et _oGes iy )2y
i

-

As shown in ninth equations (9), the fixed ratio B is a factor in the recombined output
signal So(t) if the input signal Si(t) is a low power input signal. The fixed ratio
factor in the recombined output signal Sy(t) may result in distortion of the
recombined output signal So(t). Therefore, there can generally be a need to
compensate for the fixed ratio B factor, if present, in the recombined output signal

So(t).
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Compensation for the fixed ratio 3 factor can be achieved by reducing the amplitude
of the recombined output signal S,(t) by a compensation factor 1/ 3, which is

inversely proportional to the fixed ratio 8 factor.

In one embodiment, reduction of the amplitude of the recombined output signal S(t)
can be achieved by appropriate control, by the control signal C(t), of the voltage
amplitude of the supply voltage provided to each of the first and second power
amplifiers 230a/230b via the power switch module 230c.

For example, when the fixed ratio 8 is not a factor or is not present in the recombined
output signal Sy(t), reduction of the amplitude of the recombined output signal S,(t) is
not necessary. Therefore, a supply voltage having the first voltage amplitude V4 can
be provided to the first and second power amplifiers 230a/230b via the power switch
module 230c. However, if the fixed ratio § is a factor in the recombined output
signal S,(t), another supply voltage having the second voltage amplitude V4/f is
provided to the first and second power amplifiers 230a/230b via the power switch
module 230c, thus reducing the amplitude of the recombined output signal S,(t) by

the compensation factor 1/ (.

By appropriate control of the voltage amplitude of the supply voltage provided to
each of the first and second power amplifiers 230a/230b via the power switch module
230c, for the above purpose of compensating the fixed ratio 8 factor in the
recombined output signal S(t), the risk of encountering significant loss in the
recombining efficiency of the linear transmitter 200 is mitigated. This is particularly
so during amplification of each of the first and second signal components S1(t)/Sa(t)
by the first and second power amplifiers 230a/230b, and during recombination of the
amplified first and second signal components Si(t)/Sy(t) by the combiner 240 to

obtain a recombined output signal So(t).
Alternatively, reduction of the amplitude of the recombined output signal S,(t) is

achieved by controlling total output power of the amplifier module 230 via

appropriate control, by the control signal C(f). More specifically, the amplifier

15
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module 230 comprises a plurality of power amplifiers (not shown), all of which are
preferably optimized to operate at maximum power efficiency and are supplied with
the same supply voltage. Each of the plurality of power amplifiers are controllable
by the control signal C(t) such that any one or more of the plurality of power
amplifiers can be turned ‘on’ or ‘off’. Therefore the total output power of the
amplifier module 230 is determined by a collective total of the output power of the
power amplifiers which are turned ‘on’ by the control signal C(t). Since each of the
plurality of power amplifiers are optimized to operate at maximum power efficiency,
reduction of the amplitude of the recombined output signal S(t) is achieved without

affecting power efficiency of the amplifier module 230.

For example, the amplifier module 230 comprises ten power amplifiers, each of
which generates a hundred milliwatts (100mW) output power. If all the ten power
amplifier are turned ‘on’ by the control signal C(t), the total output power of the
amplifier 230 will be approximately one watt (1W). However, if only seven of the
ten power amplifiers are turned ‘on’ by the control signal C(t), the total output power
of the amplifier module 230 will correspondingly be reduced by approximately thirty
percent to seven hundred milliwatts (700mW). Therefore, where reduction of the
amplitude of the recombined output signal Sy(t) is necessary, the control signal C(t) is
used to turn the appropriate number of power amplifiers ‘on’ or ‘off* to determine an
appropriate total output power from the power module 230 for the purpose of

compensating the fixed ratio § factor in the recombined output signal So(t).

Depending on the type of switching amplifier used and the voltage amplitude of the
supply voltage supplied, the amplitude of the amplified first and second signal
components S;(t)/S(t) may switch between KVg¢ and KV¢/B, where K is a constant
coefficient associated with the type of switching amplifier. Therefore, depending on
the type of switching amplifier used, the recombined output signal S,(t) represented
by ninth equations (9) can be modified and represented by tenth equations (10) as

follows,
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As shown in the ninth and tenth equations (9)/(10), the recombined output signal
So(t) is a linearly amplified output of the input signal Si(t). Therefore the linear
transmitter 200 has a linear input/output response despite nonlinearities that are either
inherent in the input signal S;(t) or introduced during signal processing of the input
signal Si(t) by, for example, the SCS module 210b. Therefore, the linear transmitter
200 is capable of performing linear amplification with substantially high power
efficiency. Furthermore, the recombining efficiency at the linear transmitter 200 is

substantially improved, as described hereafter with reference to Fig. 2b.

Fig. 2b is a table comparing representative calculated total recombining efficiency

n,, values for a conventional LINC transmitter (labelled as “standard LINC system”)
and representative calculated total recombining efficiency 7,, values for a linear

transmitter according to an embodiment of the disclosure (labeled as “proposed
system”). Each transmitter operates in accordance with particular typical modulation
schemes and a roll-off Root-Raised Cosine (RRC) filter. For the standard LINC
system of Fig. 2b, the calculated values shown are identical to the values given for

the conventional LINC transmitter of Fig. 1b.

As indicated in Fig. 2b, substantial improvement of over twenty percent (>20%) in

the total recombining efficiency 7, of a linear transmitter 200 constructed in

accordance with an embodiment of the disclosure, when compared to a conventional
LINC transmitter such as that shown in Fig. la, can be achieved. As previously
described, the selected threshold can be optimized based on signal probability density
function. The calculation of the representative recombining efficiency values shown

in table 2 is based on an arbitrary or semi-arbitrary condition that the selected



10

15

20

25

30

WO 2009/123568 PCT/SG2009/000111

18

threshold signal ry is half the maximum amplitude level 1., which may not be
optimal. Although the calculation as shown in table 2 may not reflect optimal
conditions, significant to very significant improvement in the combining efficiency
for all signals in table 2 can, nevertheless, be observed. This is especially so for

higher order modulations having large PAR.

For example, for a 64-Quadrature amplitude modulation (QAM) signal filtered with a
0.2 roll-off Root-Raised Cosine (RRC) filter, the combining efficiency for the
conventional LINC transmitter 100 is 15.7% whereas the combining efficiency of the

linear transmitter 200 is 42.2%. There is hence an improvement of 168.8%.

Therefore, assuming 100% power efficiency for the first and second power amplifiers
230a/230b, to produce 2 Watt (W) Radio Frequency (RF) output power, which is
typical for wireless mobile devices, a Direct Current (DC) power consumption of
12.7 W will be required for the conventional LINC transmitter 100 while 4.7 W DC
power consumption is required for the linear transmitter 200. This provides a savings
of 8 W (or a savings of approximately 63%) in DC power consumption. Hence,
battery operating lifespan or intervals between battery recharging periods can be
increased. Furthermore, device size and weight can be reduced. In addition, for
applications such as wireless base stations where high RF output power is required,
the benefit of a linear transmitter 200 in accordance with an embodiment of the
disclosure being capable of producing a higher RF output power with lower DC

power consumption can be readily appreciated.

The linearity of the linear transmitter 200 can be similar or essentially identical to the
conventional LINC transmitter 100 as discussed above. As an illustrative example,
the similarity in the linearity of a linear transmitter 200 according to an embodiment
of the disclosure and that of a conventional LINC transmitter can be verified by
simulations of a prototype design simulated at a frequency of 900MHz, using a
simulation program known as “Advanced Design System” (ADS). In the
simulations, a class-F power amplifier is designed and used as the final amplification

stage in the linear transmitter 200.
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Fig. 3 shows a simulated output spectrum of either the amplified first signal
component S(t) or the amplified second signal component Sy(t) and the recombined
output signal Sy(t) for a 64-QAM signal with RRC filtering. Linearity of the linear

transmitter 200 is also illustrated in Fig. 3.

Fig. 4 is a flow diagram of a signal transmission process 300 according to an
embodiment of the disclosure. In one embodiment, the process 300 includes process
portion 302 that involves determining whether an input signal Si(t) corresponds to a
low input signal power level or condition. Process portion 302 can be performed by
comparing the input signal’s amplitude with a threshold signal amplitude ry, in a
manner identical or analogous to that described above. In process portion 304, the
amplitude of the input signal Si(t) is up-scaled or multiplied by a factor f§ if the input
signal Si(t) corresponds to a low power signal, e.g., if input signal’s amplitude is
below a target minimum or minimum acceptable amplitude ry,. The factor  can be
defined or determined in a manner identical or analogous to that previously
described. Process portion 306 involves generating a first signal component and a
second signal component corresponding to the selectively up-scaled input signal.
Process portions 304 and 306 can be performed as a single operational or signal

processing sequence by an SCS module 210D such as that described above.

Process portion 308 involves amplifying at least the first signal component, and
process portion 310 involves selectively compensating for any selective up-scaling of
the input signal’s amplitude. In various embodiments, process portions 308 and 310
can be performed simultaneously or essentially simultaneously in a single
amplification operation in which at least one set of nonlinear amplifiers is coupled to
either a first power supply voltage V or a second power supply voltage V/B based
upon whether the amplitude of the input signal Si(t) was below the threshold signal
amplitude ry,. Finally, process portion 312 involves generating a recombined output

signal in a manner identical or analogous to that described above.

In the foregoing manner, particular linear transmitter embodiments are described for

addressing at least one of the previously indicated disadvantages. While features,
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functions, advantages, and alternatives associated with certain embodiments have
been described within the context of those embodiments, other embodimients may
also exhibit such advantages, and not all embodiments need necessarily exhibit such
advantages to fall within the scope of the disclosure. It will be appreciated that
several of the above-disclosed and other structures, features and functions, or
alternatives thereof, may be desirably combined into other different devices, systems,
or applications. The above-disclosed structures, features and functions, or
alternatives thereof, as well as various presently unforeseen or unanticipated
alternatives, modifications, variations, or improvements therein that may be
subsequently made by those skilled in the art, are intended to be encompassed by the

following claims.
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CLAIMS

1. A signal transmitter comprising:

a control module having a first input coupled to receive an input signal, a
second input coupled to receive a threshold signal, and an output configured to
provide a control signal;

a signal component separator module having a first input coupled to receive
the input signal and a second input coupled to receive the control signal, and having a
first output configured to provide a first signal component and a second output
configured to provide a second signal component;

a power amplifier module having a first input coupled to the first output of the
signal component separator module, a second input coupled to the second output of
the signal component separator module, and a control input coupled to the output of
the control module, the power amplifier module having a first circuit portion coupled
to a first power supply voltage and a second circuit porfion coupled to a second
power supply voltage, the power amplifier module having a first output and a second
output; and

a signal combiner having a first input coupled to the first power amplification
module output, a second input coupled to the second power amplifier module output,

and an output configured to provide a recombined output signal.

2. The signal transmitter of claim 1, wherein the control module comprises a
comparator.
3. The signal transmitter of claim 1, wherein the signal component separator

module comprises signal multiplication circuitry configured to selectively multiply

the amplitude of an input signal by a factor §§ in response to the control signal.

4. The signal transmitter of claim 3, wherein the factor B corresponds to the ratio

of a maximum input signal amplitude and a lowest acceptable input signal amplitude.
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5. The signal transmitter of claim 4, wherein the lowest acceptable input signal

amplitude corresponds to the amplitude of the threshold signal.

0. The signél transmitter of claim 4, wherein the first power supply voltage

equals V and the second power supply voltage equals V/ B.

7. The signal transmitter of claim 6, wherein the power amplifier module
comprises:

power supply voltage selection circuitry having a first and a second input
respectively coupled to the first and the second power supply voltages, and an output;
and

a set of power amplifiers coupled to the output of the power supply voltage

selection circuitry and the first and second input of the power amplifier module.

8. The signal transmitter of claim 7, wherein the power supply voltage selection
circuitry is configured to selectively couple to one of the first and the second power
supply voltages in response to a signal received at the power amplifier module

control input.

9. The signal transmitter of claim 1, wherein the power supply amplifier module
comprises at least a first nonlinear power amplifier and a second nonlinear power

amplifier.

10.  The signal transmitter of claim 1, further comprising a converter module
having a first input and a second input respectively coupled to the first and second
signal component separator module outputs, and first output and a second output
respectively coupled to the first and second power amplifier module inputs, the

converter module comprising frequency up-conversion circuitry.

11. A signal transmitter comprising:
a comparator having a first input coupled to receive an input signal, a second

input coupled to receive a threshold signal, and an output;
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a signal component separation module having a first input coupled to receive
the input signal, a second input coupled to the output of the comparator, a first output
and a second output;

a power amplifier module having a first input and a second input respectively
coupled to the first and second signal component separator outputs, a control input
coupled to the output of the comparator, and a first output and a second output; and

a signal combiner having a first input and a second input respectively coupled

to the first and second power amplifier module outputs, and an output.

12. The signal transmitter of claim 11, wherein the power amplifier module
comprises:

a supply voltage selection circuit coupled to a first power supply voltage and
a second power supply voltage, the supply voltage selection circuit coupled to the
power amplifier module’s control input; and

a first and a second nonlinear power amplifier coupled to the supply voltage

selection circuit.

13. The signal transmitter of claim 11, wherein the power amplifier module
comprises:

a first set of nonlinear amplifiers coupled to a first and a second power supply
voltage; and

a second set of nonlinear amplifiers coupled to the first and the second power
supply voltage,

wherein the first set of nonlinear amplifiers and the second set of nonlinear

amplifiers are each coupled to the power amplifier module’s control input.

14. A signal transmission method comprising:

determining whether an input signal amplitude corresponds to a low power
condition;

selectively up-scaling the input signal amplitude based upon whether the

input signal corresponds to a low power condition;
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performing a signal component separation upon the selectively up-scaled
input signal to generate a first signal component and a second signal component;
amplifying at least the first signal component;
selectively compensating for the selective up-scaling of the input signal amplitude;
and

generating a recombined output signal.

15.  The signal transmission method of claim 14, wherein determining whether an
input signal amplitude corresponds to a low power condition comprises comparing

the input signal amplitude with a threshold signal amplitude.

16.  The signal transmission method of claim 14, wherein selectively
compensating for the selective up-scaling of the input signal amplitude comprises
selecting between circuitry coupled to a first power amplifier supply voltage and

circuitry coupled to a second power amplifier supply voltage.

17. The signal transmission method of claim 16, wherein selectively up-scaling
the input signal amplitude comprises multiplying the input signal amplitude by a
factor P corresponding to a ratio of a maximum input signal amplitude 1y and a
threshold input signal amplitude ry, and wherein the first power amplifier supply

voltage equals V and the second power amplifier supply voltage equals V/ B.

18. The signal transmission method of claim 14, wherein selectively up-scaling
the input signal amplitude and performing the signal component separation are

performed within a single signal component separator module.

19.  The signal transmission method of claim 14, wherein the method is performed

in association with a linear amplification by nonlinear components.

20.  The signal transmission method of claim 14, further comprising performing a
frequency up-conversion operation upon at least one of the first signal component

and the second signal component.



q1 ‘811
“1a)j1} (OYY) 2uisoD pasiey-jooy

paJal|l ‘00 JomwsuRl) ONJT [BUOUSAUOD 8L} JO Kousioye Buuiquwioosy 1L 9jgel

PCT/SG2009/000111

WO 2009/123568

1/5

Jo-|o] B UM
[9%)
' 9'4Z £1F Aouseniss
£'ST 24T by
{ap]
8 =3 95 8'E {dyd} oned
- shelany-esd
o= T = 0= €0
Mo-[joy Ho-jjod o-jjod = HO-pod MS4040 jzubis
WYOFe WY-91 vl poisys o/ u
el ‘OId
011
0cl
Tl
szl
manodmo) W—
G5

0cl

)
—




PCT/SG2009/000111

WO 2009/123568

2/5

0etc

0cc

Q012
.............................. “
ST
if®a=g
Pyl
('S
4 T_ 44} HER
30 - | mdog
04 m
201 |
(il
01T
2012
00¢



PCT/SG2009/000111

WO 2009/123568

3/5

qz 819

1911} (DNY) SUISOD PasIEY-100Y HO-[[0J B Uiim paielily Ujoq ‘00T Jopiwsues Jesul
o} PUE 00} Jenisuel} ON|T JRUORUSAUDD 8U} Ulog 10} fousolye Buiuiquiodsl 1 9|ge L

8'991 FonT a'58 [t (%) FuR LB ACIEL
(z=4¢)
'z by iay 1718 wa3sAs
pasoda.ld (%)
UeEis Koueigy
161 61T 93 LTF I Suuiquiooy
piEpUEIS
TG = 0= T0 = €0
Ho-|1oY Ho-{[od #0-1j0Y = 10-jjoy 315400 |eubis
Wylve Wel-5T WeD-F pRAUYS )k




WO 2009/123568 PCT/SG2009/000111

4/5

freq, KHz
FIG. 3

{{asiey, " LInOA) S ED
({Jasey, L noasHap



WO 2009/123568 PCT/SG2009/000111

5/5

300

N

Low Power
Input Signal?
(302)

Up-scale
input signal amplitude
(304)

A

Generate first and second
signal components
(306)

A

A 4
Amplify signal
components
(308)

A

Selectively compensate
for selective input signal
amplitude up-scaling
(310)

A 4

Generate recombined
output signal
(312)

Fig. 4



INTERNATIONAL SEARCH REPORT

International application No.

PCT/SG2009/000111

A, CLASSIFICATION OF SUBJECT MATTER
Int. Cl.
HO3F 3/20 (2006.01) HO3F 3/24 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where

practicable, search terms used) -

Full Text English (TEXTE) keywords amplifier, LINC, threshold, separator, combiner, comparator and like terms

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to
claim No.
WO 2007/069665 A1 (MATSUSHITA ELECTRIC INDUSTRIAL CO., LTD.) 21 June 2007
X Abstract, paragraphs 5-7,18-20, 46-52, Figures 1B,3A,3B,4,21-23, claims 1.2,11
Y Pages 30,31 (paragraphs 554-55), Pages 45,46 (paragraphs 79,80 3-6,9,10,15,18
Note : this document may be combined with US 2008/0019456 or WO 2004/077662 for the
indicated claims.
US 6690233 B2 (SANDER) 10 February 2004
X Claims, column 5 lines 19-62 1,9,11
US 6751265 B1 (SCHELL et al.) 15 June 2004
X Abstract, figure 5A,8 claims 9,22,23 1,2,11
US 2008/0019456 A1 (CHEN et al.) 24 January 2008
X Abstract, figures 3,10, claims 14,19,20
Y Paragraphs 27-34 1,3,9,10,15

Further documents, are listed in the continuation of Box C

See patent family annex

later document published after the international filing date or priority date and not in
conflict with the application but cited to understand the principle or theory
underlying the invention . :
document of particular relevance; the claimed invention cannot be considered novel
or cannot be considered to involve an inventive step when the document is taken

document of particular relevance; the claimed invention cannot be considered to
involve an inventive step when the document is combined with one or more other
such documents, such combination being obvious to a person skilled in the art

document member of the same patent family

* Special categories of cited documents;

"A"  document defining the general state of the art which is "
not considered to be of particular relevance

"E"  ecarlier application or patent but publishied on or after the "X

. international filing date
alone

"L"  document which may throw doubts on priority claim(s) yn
or which is cited to establish the publication date of
another citation or other special reason (as specified)

"0"  document referring to an oral disclosure, use, exhibition nggh
or other means

"P"  document published prior to the international filing date

but later than the priority date claimed

Date of the actual completion of the international search

Date of mailing of the international search report

18.May 2009 2 8 MAY 2009
Name and mailing address of the ISA/AU Authorized officer
DALE SIVER

AUSTRALIAN PATENT OFFICE

PO BOX 200, WODEN ACT 2606, AUSTRALIA
E-mail address; pct@ipaustralia.gov.au

Facsimile No. +61 2 6283 7999

AUSTRALIAN PATENT OFFICE
(ISO 9001 Quality Certified Service)
Telephone No ;. +61 2 6283 2196

Form PCT/ISA/210 (second sheet) (July 2008)




INTERNATIONAL SEARCH REPORT

International application No.

PCT/8G2009/000111
C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim
No.
WO 2004/0776862 A1 (HUAWEI TECHNOLOGIES CO., LTD) 10 September 2004
X Abstract, page 8 lines 6-26, page 9 lines 18-26, page 15 line 6 to page 16 line 14,claims 14,19,20
Y Whole document 1,3-6,9,10,15,18

Form PCT/ISA/210 (continuation of second sheet) (July 2008)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/SG2009/000111

This Annex lists the known "A" publication level patent family members relating to the patent documents cited in the
above-mentioned international search report. The Australian Patent Office is in no way liable for these particulars

which are merely given for the purpose of information.

Patent Document Cited in Patent Family Member
Search Report
WO 2007/069665 CN 101331728 EP 1949638 US 7496333
B US 2007135117 ,
US 6690233 AU 31309/02 US 2002079962 WO 0250995
US 6751265 NONE
US  2008/0019456 CN 101110595 CN 101136641 EP 1881597
US 2008019459 '
CN 1695297

WO  2004/077662 AU 2003213984

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001,

END OF ANNEX

Form PCT/ISA/210 (patent family aﬁnex) (July 2008)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - wo-search-report
	Page 32 - wo-search-report
	Page 33 - wo-search-report

