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distortion control word and a further, quadrature, digital pre-distortion control word, and output the in-phase and quadrature pre-dis -
tortion digital control words. The power amplitier module includes a first, in-phase, array of switch-mode power cells and at least
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RF TRANSMITTER, INTEGRATED CIRCUIT DEVICE
WIRELESS COMMUNICATION UNIT AND METHOD
THEREFOR

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. provisional application No. 61/477,684 (filed
on April 21, 2011), U.S. provisional application No. 61/500,900 (filed on June 24, 2011), U.S.
application No. 13/298,282 (filed on November 16, 2011) and U.S. application No.
13/351,209 (filed on January 16, 2012). The entire contents of the related applications are

incorporated herein by reference.

TECHNICAL FIELD

The field of this invention relates to a radio frequency transmitter architecture, an
integrated circuit device, a wireless communication unit and a method therefor. The invention
is applicable to, but not limited to, a method of generating a radio frequency signal for

transmission over a radio frequency (RF) interface.

BACKGROUND

Advances in the deep sub-micron CMOS (Complimentary Metal-Oxide Semiconductor)
process have lead to digital circuits becoming smaller and more power efficient. However, it
is known that analogue circuits do not scale particularly well with the deep sub-micron
CMOS process. It is therefore desirable for devices, such as radio frequency (RF)
transmitters, to remove as many analogue components or circuits as possible, for example
with the assistance of digital signal processing algorithms, in order to be able to benefit from
more use of deep sub-micron CMOS processes.

Furthermore, a large number of conventional RF transmitters use linear power amplifiers
(PAs). Accordingly, the power efficiency of such conventional RF transmitters is usually
very low, due to the low efficiency of the linear PAs used therein. Switch-mode PAs have
very high efficiency in comparison, which make such switch-mode PAs an attractive
alternative to conventional linear PAs within RF transmitters.

Thus, an RF transmitter that is able to utilize switch-mode PAs through the assistance of
digital processing algorithms in order to reduce a PA’s size and improve a PA’s power
efficiency is highly desirable. However, switch-mode PAs normally exhibit a highly non-
linear input-output relationship. Furthermore, in order to meet stringent co-existence
requirements of various wireless standards, noise shaping techniques are often required.

Digital polar transmitters are a type of known transmitter design that utilizes switch-
mode PAs, whilst also taking advantage of CMOS process technology. Accordingly, such
digital polar transmitters are able to achieve high power efficiency, whilst requiring only a

small silicon area. However, a problem with these known transmitter designs is that, due to
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the inherent bandwidth expansion characteristics of the AM (amplitude modulation) and PM
(phase modulation) signals in a polar architecture, they are only suitable for narrowband
modulated signals.

Hybrid polar transmitter designs take advantage of two dimensional (in-phase/quadrature)
modulation to enable wideband phase modulation to achieved. However, a problem with such
hybrid polar transmitters is that they suffer from both amplitude and phase quantization noise,
thus requiring significant noise shaping.

In-phase/Quadrature (IQ) RF digital-to-analogue converter (DAC) based transmitters are
also known. I/Q RF DACs combine the functionalities of a DAC and a mixer, with the output
of the I/Q RF DAC being combined in the analogue (RF) domain. However, such transmitter
designs require a linear PA, and direct I/Q RF digital-to-analogue conversion is less power
efficient than a digital polar transmitter design.

Another known (predominantly narrowband) RF transmitter design utilizes adaptive pre-
distortion using a delta-sigma modulator for automatic inversion of power amplifier non-
linearity. Such a design is relatively simple and allows for a use of low-precision DACs.
However, this design still comprises a generally conventional architecture, and so PA
efficiency is low.

It is anticipated that digitally-assisted/ digitally-intensive RF transmitters will become
increasingly desirable. However, digital algorithms are limited by the availability of circuit
speed; therefore finding simple and effective digital algorithms is crucial from an
implementation perspective. In published literature currently available there are sometimes
discussions on digital algorithms that operate at very high clock frequencies, such as four
times the carrier frequency. However, such clock frequencies are, in a practical CMOS and/or
subscriber communication unit sense, not implementable.

Thus, a need exists for an improved RF transmitter, and method of operation therefor.

SUMMARY

Accordingly, the invention seeks to mitigate, alleviate or eliminate one or more of the
above mentioned disadvantages singly or in any combination. Aspects of the invention
provide a method for generating a radio frequency signal for transmission over a radio
frequency interface.

According to a first aspect of the invention, there is provided a radio frequency (RF)
transmitter comprising at least one digital signal processing module comprising at least one
digital pre-distortion component arranged to receive at least one complex input signal
comprising information to be transmitted over an RF interface, perform two-dimensional non-
uniform mapping of the at least one received complex input signal to a first, in-phase digital
pre-distortion control word and at least one further, quadrature digital pre-distortion control
word, and to output the in-phase and quadrature digital pre-distortion control words. The RF
transmitter further comprises at least one power amplifier module comprising a first, in-phase,
array of switch-mode power cells and at least one further, quadrature array of switch-mode

power cells, wherein the two-dimensional non-uniform mapping comprises a pre-distortion
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profile that is at least partly based on an input/output relationship for the at least one power
amplifier module. The at least one power amplifier module is arranged to receive the in-phase
and quadrature digital pre-distortion control words output by the at least one digital signal
processing module, and to generate an analogue RF signal for transmission over an RF
interface based at least partly on the in-phase and quadrature digital pre-distortion control
words.

Thus, in this manner, the RF transmitter comprises a complex signal based architecture,
i.e. an IQ based architecture, and as such is suitable for both narrowband and wideband
modulation input signals. This is in contrast to, for example, a digital polar architecture
which is only suitable for narrowband modulated signals due to the inherent bandwidth
expansion characteristics of the AM (amplitude modulation) and PM (phase modulation)
input signals of a polar architecture. Furthermore, such an IQ based architecture avoids the
need for implementing complex algorithms, such as the CORDIC algorithm typically required
for digital polar architectures. In addition, the RF transmitter also extends the digital domain
through to the power amplifier module, thereby benefiting from the scalability and efficiency
of digital components to a greater extent than conventional RF architectures. Furthermore, the
RF transmitter takes advantage of the efficiency of switch-mode power cells. Further still, the
two-dimensional non-uniform mapping of the input signals provides pre-distortion of the
input signals, thereby enabling the non-linearity of the switch-mode power cells to be
compensated for, also within the digital domain.

According to an optional feature of the invention, the at least one digital signal
processing module may comprise at least one digital pre-distortion component arranged to
receive the at least one complex input signal, perform two-dimensional non-uniform mapping
of the at least one received complex input signal to a first, in-phase digital pre-distortion
control word and at least one further, quadrature digital pre-distortion control word, and to
output the in-phase and quadrature digital pre-distortion control words.

According to an optional feature of the invention, the at least one digital pre-distortion
component may be arranged to receive the at least one complex input signal, identify a closest
matching predefined vector for the received at least one complex input signal within a two-
dimensional pre-distortion profile, and map the identified predefined vector to a set of digital
control words to be output. For example, the two-dimensional pre-distortion profile may be at
least partly based on an input/output relationship for the power amplifier module; in particular
the two-dimensional pre-distortion profile may be at least partly based on an input/output
relationship for the arrays of the switch-mode power cells of the power amplifier module.

According to an optional feature of the invention, the at least one digital signal
processing module may comprise at least one noise shaping component arranged to receive
the at least one complex input signal and at least one feedback signal from the at least one
digital pre-distortion component, apply noise shaping to the at least one complex input signal
based at least partly on the at least one feedback signal, and output at least one noise shaped
complex input signal. For example, the at least one digital pre-distortion component may be
arranged to receive the at least one noise shaped complex input signal, perform two-

dimensional non-uniform mapping of the at least one noise shaped complex input signal to a
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first, in-phase digital pre-distortion control word and at least one further, quadrature digital
pre-distortion control word, and to output the in-phase and quadrature digital pre-distortion
control words.

According to an optional feature of the invention, the at least one noise shaping
component and the at least one digital pre-distortion component may form at least part of a
delta sigma modulator.

According to an optional feature of the invention, the at least one digital signal
processing module may comprise an up-sampling component arranged to perform up-
sampling of the received at least one complex input signal to increase a sample rate of the
received at least one complex input signal to an input data rate of the at least one power
amplifier module.

According to an optional feature of the invention, the first array of switch-mode power
cells may be arranged to receive at least a part of the first, in-phase digital pre-distortion
control word and to generate a first, in-phase component of the analogue RF signal based at
least partly on the first, in-phase digital pre-distortion control word, and the at least one
further, quadrature, array of switch-mode power cells may be arranged to receive the at least
one further, quadrature digital pre-distortion control word and to generate at least one further
quadrature, component of the analogue RF signal based at least partly on the at least one
further, quadrature digital pre-distortion control word.

According to an optional feature of the invention, the first, in-phase, array of switch-
mode power cells and the at least one further, quadrature, array of switch-mode power cells
may be further arranged to receive respective carrier frequency signals, and to generate the
respective first, in-phase, component and at least one further, quadrature, component of the
analogue RF signal further based at least partly on the received carrier frequency signals.

According to an optional feature of the invention, the power amplifier module may
comprises a first, in-phase, phase selector arranged to receive a carrier frequency signal and a
first, in-phase, sign signal, and to output a first, in-phase, carrier frequency signal for the first,
in-phase, array of switch-mode power cells; and at least one further, quadrature, phase
selector arranged to receive a carrier frequency signal and at least one further, quadrature,
sign signal, and to output at least one further, quadrature, carrier frequency signal for the at
least one further, quadrature, array of switch-mode power cells.

According to an optional feature of the invention, the at least one power amplifier
module may comprise a magnitude and sign generator module arranged to receive the digital
pre-distortion control words output by the at least one digital signal processing module; and
generate from each digital pre-distortion control word a magnitude control word comprising a
magnitude component of the respective digital control word, and a sign signal comprising a
sign component of the respective digital control word.

According to an optional feature of the invention, each array of switch-mode power
cells may comprise a plurality of inverse Class D structure switch-mode power cells.

According to a second aspect of the invention, there is provided an integrated circuit
device comprising a signal processing module comprising at least one digital pre-distortion

component substantially according to the first aspect of the invention.
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According to a third aspect of the invention, there is provided a wireless communication
unit comprising a radio frequency transmitter according to the first aspect of the invention.

According to a fourth aspect of the invention, there is provided a method of generating a
radio frequency signal for transmission over a radio frequency (RF) interface. The method
comprises receiving at least one complex (in-phase/quadrature) input signal comprising
information to be transmitted over the RF interface; performing two-dimensional non-uniform
mapping of the at least one received complex input signal to a first, in-phase, digital pre-
distortion control word and at least one further, quadrature, digital pre-distortion control word;
providing the in-phase and quadrature digital pre-distortion control words to at least one
power amplifier module comprising a first, in-phase, array of switch-mode power cells and at
least one further quadrature, array of switch-mode power cells, wherein the two-dimensional
non-uniform mapping comprises a pre-distortion profile that is at least partly based on an
input/output relationship for the at least one power amplifier module; and generating an
analogue RF signal for transmission over an RF interface based at least partly on the in-phase
and quadrature digital control words.

These and other aspects of the invention will be apparent from, and elucidated with

reference to, the embodiments described hereinafter.

BRIEF DESCRIPTION OF DRAWINGS

Further details, aspects and embodiments of the invention will be described, by way of
example only, with reference to the drawings. Elements in the figures are illustrated for
simplicity and clarity and have not necessarily been drawn to scale. Like reference numerals
have been included in the respective drawings to ease understanding.

FIG. 1 illustrates an example of a simplified block diagram of part of an electronic
device adapted to support the inventive concepts of an example of the present invention.

FIG. 2 illustrates a simplified example of a radio frequency transmitter according to
some examples of the present invention.

FIG. 3 illustrates a simplified example of a digital signal processing module of the radio
frequency transmitter of FIG. 2.

FIG. 4 illustrates a simplified alternative example of a radio frequency transmitter
according to some examples of the present invention.

FIG. 5 illustrates a simplified block diagram of a power amplifier module of the radio
frequency transmitter of FIG. 2 and/or FIG. 4.

FIG. 6 illustrates a simplified flowchart of an example of a method for generating an
analogue RF signal for transmission over an RF interface according to some embodiments of

the present invention.

DETAILED DESCRIPTION

The present invention will now be described with reference to an example of a radio
frequency (RF) transmitter for use within, say, a wireless telecommunication handset and

adapted in accordance with some embodiments of the present invention. However, it will be
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appreciated that the inventive concept described herein is not limited to specific features of
the illustrated example, and may equally be implemented within alternative applications.

Referring first to FIG. 1, there is illustrated an example of a simplified block diagram of
part of an electronic device 100 adapted to support the inventive concept of an example of the
present invention. The electronic device 100, in the context of the illustrated embodiment of
the invention, is a wireless telecommunication handset. As such, the electronic device 100
comprises an antenna 102 and contains a variety of well known radio frequency transceiver
components or circuits operably coupled to the antenna 102. In particular for the illustrated
example, the antenna 102 is operably coupled to a duplex filter or antenna switch 104 that
provides isolation between a receiver chain 106 and a transmitter chain 107. As is known in
the art, the receiver chain 106 typically includes radio frequency receiver circuitry for
providing reception, filtering and intermediate or base-band frequency conversion.
Conversely, the transmitter chain 107 typically includes radio frequency transmitter circuitry
for providing modulation and power amplification. An oscillator 130 is arranged to provide
oscillation signals needed by the receiver chain 106 and the transmitter chain 107.

For completeness, the electronic device 100 further comprises signal processing logic
108. An output from the signal processing logic 108 may be provided to a suitable user
interface (UI) 110 comprising, for example, a display, keypad, microphone, speaker, etc. The
signal processing logic 108 may also be coupled to a memory element 116 that stores
operating regimes, such as decoding/encoding functions and the like and may be realised in a
variety of technologies, such as random access memory (RAM) (volatile), (non-volatile) read
only memory (ROM), Flash memory or any combination of these or other memory
technologies. A timer 118 is typically coupled to the signal processing logic 108 to control
the timing of operations within the electronic device 100.

As is well known in the art, the transmitter chain 107 of such a wireless
telecommunication handset comprises transmitter circuitry arranged to receive an input signal,
for example from, in the illustrated example, the signal processing logic 108; the input signal
comprising information to be transmitted over an RF interface. The transmitter chain 107 is
further arranged to output an RF signal comprising the information to be transmitted to, in the
illustrated example, the antenna 102 via the antenna switch 104. As such, the transmitter
chain 107 is typically required to perform digital to analogue conversion, mixing, noise
shaping and amplification of the input signal in order to generate the RF signal output thereby.

Referring now to FIG. 2, there is illustrated an example of an RF transmitter 200 adapted
in accordance with some example embodiments of the present invention, such as may be
implemented within the transmitter chain 107 of FIG. 1. The RF transmitter 200 of FIG. 2
comprises a digital signal processing module 210 arranged to receive one or more complex
input signals comprising information to be transmitted over an RF interface, for example via
antenna 102 of FIG. 1. In the illustrated example, the digital signal processing module 210 is
arranged to receive from a digital baseband (DBB) component, such as the signal processing
logic 108 of FIG. 1, an IQ (In-phase/Quadrature) input signal comprising a first (In-phase)
signal component (i.e., I) 222 and a second (Quadrature) signal component (i.e., Q) 224. The

digital signal processing module 210 is further arranged to perform mapping of the received
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complex input signal(s) 222, 224 to a first, in-phase, digital control word (IDPA_W) 212 and
a second, quadrature, digital control word (QDPA_W) 214, and to output the in-phase and
quadrature digital control words to power amplifier module, such as a two-dimensional digital
power amplifier (2D-DPA) 230.

The power amplifier module 230 comprises a first (in-phase) array of switch-mode
power cells and, in the illustrated example, a second (quadrature) array of switch-mode power
cells, as described in greater detail below with reference to FIG. 5. The power amplifier
module 230 is arranged to receive the digital control words output by the digital signal
processing module 210, and to generate an analogue RF signal for transmission over an RF
interface, for example via antenna 102, based at least partly on the received in-phase and
quadrature digital control words.

In this manner, the RF transmitter 200 comprises a complex signal based architecture, for
example an IQ based architecture, and as such is suitable for both narrowband and wideband
modulation input signals. This is in contrast to, for example, a digital polar architecture which
is only suitable for narrowband modulated signals due to the inherent bandwidth expansion
characteristics of the AM (amplitude modulation) and PM (phase modulation) input signals of
a polar architecture. Furthermore, such an IQ based architecture avoids the need for
implementing complex algorithms, such as the CORDIC (Coordinate rotation digital
computer) algorithm typically required for digital polar architectures. In addition, the RF
transmitter 200 also extends the digital domain through to the power amplifier module 230,
thereby benefiting from the scalability and efficiency of digital components to a greater extent
than conventional RF architectures. Furthermore, the RF transmitter 200 illustrated in FIG. 2
takes advantage of the efficiency of switch-mode power cells.

Switch-mode power cells typically exhibit a highly non-linear input-output relationship,
in particular when output power is high. Accordingly, the digital signal processing module
210 is arranged to perform two-dimensional non-uniform mapping of the input signals 222,
224 (as described in greater detail below) to the digital control words 212, 214. In this
manner, the two-dimensional non-uniform mapping of the input signals 222, 224 provides
pre-distortion of the input signals 222, 224, thereby enabling the non-linearity of the switch-
mode power cells to be compensated for, also within the digital domain.

In some example embodiments of the present invention, digital pre-distortion is required
to be performed with a sampling rate that is greater than that of the received complex input
signal (for example in the region of three times that of the input signal) in order to preserve a
certain spectrum at the output of the two-dimensional digital pre-distortion (2D DPD)
component 250. Accordingly, the digital signal processing module 210 of the RF transmitter
200 of FIG. 2 comprises an up-sampling & filtering component 240 arranged to perform up-
sampling of the received complex input signal 222, 224 to increase the sample rate thereof to,
for example, an input data rate of the power amplifier module 230. In addition, for some
example embodiments, the input to the power amplifier module 230 may comprise a ‘sample
and hold’ operation. As such, so-called DAC images may be seen at the output of the power
amplifier module 230 that are spaced from each other by the sampling frequency at the input

of the power amplifier module 230. Accordingly, up-sampling of the input signal components
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222, 224 may enable the spacing of such images to be increased.

The digital signal processing module 210 of the RF transmitter 200 of FIG. 2 further
comprises a digital pre-distortion component 250 arranged to perform the non-uniform
mapping of the up-sampled input signals (i.e., I_u and Q_u) 242, 244 to the digital control
words 212, 214. The digital control words 212, 214 are output to one or more output ports 231
for coupling to one or more input ports of a power amplifier module 230.

Although the example of FIG. 2 is shown as comprising, say, a discrete integrated circuit
comprising, at least, the signal processing module 210 that can be operably coupled to a
distinct power amplifier module 230, it is envisaged in other examples that an integrated
circuit may comprise the functionality of at least both the signal processing module 210 and
the power amplifier module 230.

For example, and as illustrated more clearly in FIG. 3, the digital signal processing
module 210 may comprise a digital pre-distortion component 250 arranged to receive the up-
sampled in-phase and quadrature components 242, 244 of the complex input signal, identify a
closest matching predefined vector for the received complex input signal within a pre-
distortion profile 350, and map the identified predefined vector to a set of digital control
words to be output. Accordingly, the digital pre-distortion component 250 of the illustrated
example is arranged to perform quantization and to simultaneously apply pre-distortion to the
received up-sampled in-phase and quadrature components 242, 244 of the complex input
signal using the pre-distortion profile 350. In some examples of the present invention, the
pre-distortion profile 350 may be at least partly based on an input/output relationship for the
power amplifier module 230, and in particular the pre-distortion profile 350 may be at least
partly based on an input/output relationship for the switch-mode power cell arrays of the
power amplifier module 230. In this manner, pre-distortion may be applied to the up-sampled
input signals 242, 244 that compensates for power amplifier module characteristics (and in
particular the non-linear switch-mode power cell characteristics).

For the example illustrated in FIG’s 2 and 3, the digital pre-distortion component 250 is
implemented within a feed-forward path (as opposed to a feedback path). In this manner, the
digital pre-distortion component 250 is able to directly compensate for the non-linearity of the
power amplifier module 230 for each input sample. Such sample-by-sample digital pre-
distortion is more accurate and responsive than digital pre-distortion that is averaged across
multiple input samples within a feedback path.

As also illustrated in FIG. 3, by up-sampling the received complex input signal 222, 224
to increase the sample rate thereof to an input data rate of the power amplifier module 230,
the digital pre-distortion module component 250 and power amplifier module 230 may be
provided with a common clock signal 310.

Thus, for the example illustrated in FIG. 3, the digital signal processing module 210 is
arranged to receive the complex (IQ) input signal 222, 224, up-sample and non-uniformly
map the received signal to digital control words 212, 214 such that pre-distortion is applied to
compensate for the non-linear characteristics of the power amplifier module 230, and to
output digital control words 212, 214 to the power amplifier module 230, wherein the digital

control words 212, 214 are arranged to drive the power amplifier module 230 to output an
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analogue RF signal that represents the up-sampled complex (IQ) input signal 242, 244, In
particular, a pre-distortion profile 350 used for mapping the up-sampled input signal
components 242, 244 to the digital control words 212, 214 may be at least partly based on the
input/output relationship for the switch-mode power cell arrays of the power amplifier module
230 to adaptively compensate for the non-linearities of the switch-mode power cell arrays.
Thus, the digital signal processing module 210 of the illustrated example provides two
dimensional (IQ) digital pre-distortion functionality within a feed-forward path of the RF
transmitter 200.

Referring now to FIG. 4 there is illustrated the RF transmitter 400 comprising an
alternative example of a digital signal processing module 410 arranged to received from a
digital baseband component, such as the signal processing logic 108 of FIG. 1, a complex (1Q)
input signal 222, 224, perform mapping of the received complex input signal 222, 224 to
digital control words 212, 214, and to output the digital control words 212, 214 to the power
amplifier module 230. In particular for the illustrated example, the digital signal processing
module 410 comprises an up-sampling component 240 arranged to perform up-sampling of
the received complex input signal 222, 224 to increase the sample rate thereof to, for example,
an input data rate of the power amplifier module 230. The digital processing module 410
further comprises a digital pre-distortion component 250 arranged to perform non-uniform
mapping of the up-sampled input signals 242, 244 to the digital control words 212, 214.

The digital signal processing module 410 of FIG. 4 further comprises a noise shaping
component/noise shaper 420. The noise shaping component 420 is arranged to receive the
complex input signal, which for the illustrated example comprises the first (In-phase) and
second (Quadrature) up-sampled signal components 242, 244, and one or more feedback
signals 422, 424 from the digital pre-distortion component 250. The noise shaping
component 420 is further arranged to apply noise shaping to the received complex input
signal components 242, 244 based at least partly on the received feedback signals 422, 424,
and to output to the digital pre-distortion component 250 the noise shaped input signal
components 442, 444. In this manner, the digital pre-distortion component 250 is arranged to
perform non-uniform mapping of the up-sampled noise shaped input signal components 442,
444 to the digital control words 212, 214,

In this manner, noise shaping of the complex input signal 222, 224 may be performed
within the digital domain, and within the feed-forward path, prior to the non-uniform mapping
to the digital control words 212, 214, enabling noise shaping to be maintained at the far-out
region from the carrier, thus improving the spectrum at the desired far-out frequency band. In
particular, it is contemplated that such noise shaping may be implemented through a
configurable and/or programmable noise transfer function. In this manner, the RF transmitter
may be configured and/or programmed to perform required noise shaping to meet stringent
co-existence requirements of a plurality of different wireless standards.

As illustrated in FIG. 4, the noise shaping component 420 and digital pre-distortion
component 250 may be arranged to form a delta-sigma modulator, as illustrated at 450. In this
manner, the delta-sigma modulator 450 is arranged to receive the up-sampled complex (IQ)

input signals 242, 244, and non-uniformly map the received signals to digital control words
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212, 214 such that noise shaping and pre-distortion is applied to compensate for the non-
linear characteristics of the power amplifier module 230, and to output digital control words
212, 214 to the power amplifier module 230, wherein the digital control words 212, 214 are
arranged to drive the power amplifier module 230 to output an analogue RF signal that
represents the up-sampled complex (IQ) input signal 242, 244. In particular, the
aforementioned pre-distortion profile 350 used for mapping the up-sampled and noise shaped
input signal components 242, 244 to the digital control words 212, 214 may be at least partly
based on the input/output relationship for the switch-mode power cell arrays of the power
amplifier module 230 to adaptively compensate for the non-linearities of the switch-mode
power cell arrays.

Advantageously, the implementation of quantization and two-dimensional digital pre-
distortion within the delta-sigma modulator 450 in this manner may result in any quantization
noise being relative to the pre-distortion profile, thereby enabling noise shaping to be
achieved. In contrast, were two-dimensional digital pre-distortion implemented after the
delta-sigma modulator, the noise shaping effect would be at least partly washed-out by the
non-linearity of the power amplifier module 230, and thus such noise shaping would not be
seen at the output of the power amplifier module 230. This is due to the digital pre-distortion
only being able to mitigate non-linearity at frequencies close to the signal; whereas noise
shaping is often required at frequencies far away from the signal band.

Referring now to FIG. 5, there is illustrated a simplified diagram of an example of the
power amplifier module 230 of FIG. 2. The power amplifier module 230 is arranged to
receive the digital control words 212, 214 output by the digital signal processing module 210,
and to output an analogue RF signal 530 for transmission over an RF interface, for example
via the antenna 102 of FIG. 1, based at least partly on the received digital control words 212,
214. The power amplifier module 230 comprises a first array of switch-mode power cells (I-
PA) 510 and, in the illustrated example, a second array of switch-mode power cells (Q-PA)
520. The first array of switch-mode power cells 510 is arranged to receive at least a part of
the first (e.g. in-phase) digital control word 212 and to generate a first (e.g. in-phase)
component 532 of the analogue RF signal 530 based at least partly on the received digital
control word 212. Conversely, the second array of switch-mode power cells 520 is arranged
to receive at least a part of the second (e.g. quadrature) digital control word 214 and to
generate a second (e.g. quadrature) component 534 of the analogue RF signal 530 based at
least partly on the received digital control word 214. The separate components 532, 534 are
subsequently combined to generate the complex analogue RF signal 530.

In this manner, by providing multiple switch-mode power cell arrays 510, 520 arranged
to receive separately the digital control words 212, 214 for the respective components of a
multi-dimensional, e.g. complex (IQ), signal, and to separately generate the amplified
components 532, 534 therefor (which may then be subsequently combined), a power amplifier
module 230 is achieved that is capable of being digitally controlled to generate a multi-
dimensional (e.g. IQ) amplified signal.

For some example embodiments, each of the arrays of switch-mode power cells 510, 520

may be arranged to receive at least a part of the respective digital control word 212, 214
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comprising, say, N control bits. Furthermore, each of the arrays of switch-mode power cells
510, 520 may comprise N switch-mode power cells; each of the switch-mode power cells
being arranged to receive a respective control bit of the respective digital control word 212,
214. An example of such a switch-mode power cell is illustrated at 570, which for the
illustrated example comprises a high efficiency inverse Class D structure. Each of the switch-
mode power cells 570 is arranged to receive a respective control bit, illustrated at 575, and to
selectively output a current signal (Iy+/Ioy-) 574 based on the value of the received control
bit 575. The outputs of the switch-mode power cells 570 within each array 510, 520 are
operably coupled together such that the individual power cell output current signals (Loy+/Iou-)
574 are combined to provide the respective component 532, 534 of the analogue RF signal
530. The output current signal (Ioy+/1ow-) 574 for the individual switch-mode power cells 570
within each array 510, 520 may be weighted in accordance with the significance of their
respective control bits. In this manner, the combined output current signal of each array 510,
520 may be representative of the value of the digital control word received thereby.

Advantageously, the power amplifier module 230 illustrated in FIG. 5 enables digital to
analogue conversion functionality to be combined with power amplifier functionality, thereby
simplifying the RF transmitter design. Furthermore, the provision of separate switch-mode
power cell arrays 510, 520 to support the separate I and Q components of the complex IQ
input signal enables the power amplifier module 230 to be suitable for both narrowband and
wideband modulation input signals.

The switch-mode power cell arrays 510, 520 of the power amplifier module 230
illustrated in FIG. 5 are further arranged to receive respective carrier frequency signals 540,
545, and to generate the respective components 532, 534 of the analogue RF signal 530
further based at least partly on the received carrier frequency signals 540, 545. For example,
the respective carrier frequency signal 540, 545 may be provided to each individual switch-
mode power cell, such as illustrated at 540 within the illustrated power cell 570. In this
manner, the power amplifier module 230 illustrated in FIG. 5 enables mixing functionality to
also be combined with the power amplifier functionality and digital to analogue conversion
functionality.

For the illustrated example, the power amplifier module 230 comprises a first (in-phase)
phase selector 550 arranged to receive a first carrier frequency signal (LO_I) 552 and an in-
phase sign signal 554, and to output an in-phase carrier frequency signal 540 for the first (in-
phase) switch-mode power cell array 510 comprising a polarity based at least partly on the
received in-phase sign signal 554. The power amplifier module 230 further comprises, for the
illustrated example, a second (quadrature) phase selector 555 arranged to receive a second
carrier frequency signal (LO_Q) 557 and a quadrature sign signal 559, and to output a
quadrature carrier frequency signal 545 for the second (quadrature) switch-mode power cell
array 520 comprising a polarity based at least partly on the received quadrature sign signal
559.

The power amplifier module 230 of the illustrated example further comprises a
magnitude and sign generator module 560. The magnitude and sign generator module 560 is

arranged to receive the digital control words 212, 214 output by the digital signal processing
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module 210, and from each of the digital control words 212, 214 generate a magnitude control
word 512, 514, comprising a magnitude component of the respective digital control word 212,
214, and a sign signal 554, 559, comprising a sign component of the respective digital control
word 212, 214. The magnitude control words 512, 514 are then provided to the respective
switch-mode power cell arrays 510, 520, and the sign signals 554, 559 are provided to the
respective phase selectors 550, 555. In this manner, the sign and magnitude of the in-phase
and quadrature signal components may be separated to facilitate the use of switch-mode
power cells.

Advantageously, because the digital domain extends through to the power amplifier
module 230, there is no need for a linear pre-driver amplifier or baseband filter. Furthermore,
the use of digitally controlled power cells enables the power consumption of the power
amplifier module 230 to be scalable to substantially instantaneous RF output power.

The output impedance of the power amplifier module 230 is a function of signal power
level (i.e. compression). Accordingly, the effective load for each switch-mode power cell
array 510, 520 will comprise a combination of the load present on the output signal 530 and
the output impedance of the opposing switch-mode power cell array 510, 520. For example,
the effective load for the first (in-phase) power cell array 510 will comprise a combination of
the load present on the output signal 530 and the output impedance of the second (quadrature)
power cell array 520. Thus, the effective load of the first (in-phase) switch-mode power cell
array 510 is a function of the Q-channel power level, and the effective load of the second
(quadrature) switch-mode power cell array 520 is a function of the I-channel power level.
Accordingly, the non-linear characteristics of the power amplifier module 230 for the
illustrated example are not solely a function of the complex signal power (IIP+IQI), but are
also dependant on the in-phase and quadrature digital control words provided to the power
amplifier module 230. Thus, whilst AM-AM and/or AM-PM correction is typically sufficient
for a convention power amplifier arrangement with short memory, two dimensional pre-
distortion is required for compensating for the non-linear characteristics of such a digital
power amplifier module 230, such as provided by the digital signal processing modules
illustrated in FIG’s 2 and 4.

Referring now to FIG. 6, there is illustrated a simplified flowchart 600 of an example of
a method for generating an analogue RF signal for transmission over an RF interface. The
method of FIG. 6 starts at step 605, and moves on to step 610 with the receipt of digital in-
phase and quadrature input signals comprising information to be transmitted over the RF
interface. Next, at step 615, the received input signals are up-sampled to an input data rate of
a power amplifier module. Noise shaping is then applied to the up-sampled input signals, at
620, based on feedback from a subsequent digital pre-distortion stage (at step 625). Two
dimensional digital pre-distortion of the noise shaped, up-sampled input signals is then
performed based on a non-uniform pre-distortion profile for the power amplifier module to
generate in-phase and quadrature digital control words, at step 625. Next, at step 630,
magnitude and sign components of the in-phase and quadrature control words are then
separated, and signed in-phase and quadrature carrier frequency signals are then generated, at

step 635, based (at least partly) on the respective sign components of the in-phase and
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quadrature control words. The magnitude components of the in-phase and quadrature control
words and the signed in-phase and quadrature carrier frequency signals are then provided to
respective in-phase and quadrature switch-mode power cell arrays, at step 640, to generate in-
phase and quadrature analogue RF component signals. The in-phase and quadrature analogue
RF component signals are then combined at step 645 to generate a complex analogue RF
signal comprising the information to be transmitted over the RF interface, and the method
ends at step 650.

The illustrated example embodiments of the present invention have, for the most part,
been implemented using electronic components and circuits known to those skilled in the art.
Accordingly, details have not been explained in any greater extent than that considered
necessary as illustrated above, for the understanding and appreciation of the underlying
concepts of the present invention and in order not to obfuscate or distract from the teachings
of the present invention.

In the foregoing specification, the invention has been described with reference to specific
examples of embodiments of the invention. It will, however, be evident that various
modifications and changes may be made therein without departing from the broader spirit and
scope of the invention as set forth in the appended claims.

The connections as discussed herein may be any type of connection suitable to transfer
signals from or to the respective nodes, units or devices, for example via intermediate devices.
Accordingly, unless implied or stated otherwise, the connections may for example be direct
connections or indirect connections. The connections may be illustrated or described in
reference to being a single connection, a plurality of connections, unidirectional connections,
or bidirectional connections. However, different embodiments may vary the implementation
of the connections. For example, separate unidirectional connections may be used rather than
bidirectional connections and vice versa. Also, a plurality of connections may be replaced
with a single connection that transfers multiple signals serially or in a time multiplexed
manner. Likewise, single connections carrying multiple signals may be separated out into
various different connections carrying subsets of these signals. Therefore, many options exist
for transferring signals.

Each signal described herein may be designed as positive or negative logic. In the case
of a negative logic signal, the signal is active low where the logically true state corresponds to
a logic level zero. In the case of a positive logic signal, the signal is active high where the
logically true state corresponds to a logic level one. Note that any of the signals described
herein can be designed as either negative or positive logic signals. Therefore, in alternate
embodiments, those signals described as positive logic signals may be implemented as
negative logic signals, and those signals described as negative logic signals may be
implemented as positive logic signals.

Furthermore, the terms ‘assert’ or ‘set’ and ‘negate’ (or ‘de-assert’ or ‘clear’) are used
herein when referring to the rendering of a signal, status bit, or similar apparatus into its
logically true or logically false state, respectively. If the logically true state is a logic level one,
the logically false state is a logic level zero. And if the logically true state is a logic level zero,

the logically false state is a logic level one.
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Those skilled in the art will recognize that the boundaries between logic blocks are
merely illustrative and that alternative embodiments may merge logic blocks or circuit
elements or impose an alternate decomposition of functionality upon various logic blocks or
circuit elements. Thus, it is to be understood that the architectures depicted herein are merely
exemplary, and that in fact many other architectures can be implemented which achieve the
same functionality.

Any arrangement of components to achieve the same functionality is effectively
‘associated’ such that the desired functionality is achieved. Hence, any two components
herein combined to achieve a particular functionality can be seen as ‘associated with’ each
other such that the desired functionality is achieved, irrespective of architectures or
intermediary components. Likewise, any two components so associated can also be viewed as
being ‘operably connected’, or ‘operably coupled’, to each other to achieve the desired
functionality.

Furthermore, those skilled in the art will recognize that boundaries between the above
described operations are merely illustrative. The multiple operations may be combined into a
single operation, a single operation may be distributed in additional operations and operations
may be executed at least partially overlapping in time. Moreover, alternative embodiments
may include multiple instances of a particular operation, and the order of operations may be
altered in various other embodiments.

However, other modifications, variations and alternatives are also possible. The
specifications and drawings are, accordingly, to be regarded in an illustrative rather than in a
restrictive sense.

In the claims, any reference signs placed between parentheses shall not be construed as
limiting the claim. The word ‘comprising’ does not exclude the presence of other elements or
steps than those listed in a claim. Furthermore, the terms ‘a’ or ‘an’, as used herein, are
defined as one or more than one. Also, the use of introductory phrases such as ‘at least one’
and ‘one or more’ in the claims should not be construed to imply that the introduction of
another claim element by the indefinite articles ‘a’ or ‘an’, limits any particular claim
containing such introduced claim element to inventions containing only one such element,
even when the same claim includes the introductory phrases ‘one or more’ or ‘at least one’
and indefinite articles such as ‘a’ or ‘an’. The same holds true for the use of definite articles.
Unless stated otherwise, terms such as ‘first” and ‘second’ are used to arbitrarily distinguish
between the elements such terms describe. Thus, these terms are not necessarily intended to
indicate temporal or other prioritization of such elements. The mere fact that certain measures
are recited in mutually different claims does not indicate that a combination of these measures
cannot be used to advantage.

Those skilled in the art will readily observe that numerous modifications and alterations
of the device and method may be made while retaining the teachings of the invention.
Accordingly, the above disclosure should be construed as limited only by the metes and

bounds of the appended claims.
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CLAIMS

1. A radio frequency (RF) transmitter comprising:

at least one digital signal processing module comprising at least one digital pre-
distortion component arranged to:

receive at least one complex input signal comprising information to be transmitted over
an RF interface,

perform two-dimensional non-uniform mapping of the at least one received complex
input signal to a first, in-phase digital pre-distortion control word and a further, quadrature
digital pre-distortion control word, and

output the in-phase and quadrature digital pre-distortion control words; and

at least one power amplifier module comprising a first, in-phase, array of switch-mode
power cells and at least one further, quadrature, array of switch-mode power cells, wherein
the two-dimensional non-uniform mapping comprises a pre-distortion profile that is at least
partly based on an input/output relationship for the at least one power amplifier module,

the at least one power amplifier module being arranged to:

receive the in-phase and quadrature digital pre-distortion control words output by the at
least one digital signal processing module, and

generate an analogue RF signal for transmission over the RF interface based at least
partly on the in-phase and quadrature digital pre-distortion control words.

2. The RF transmitter of Claim 1 wherein the at least one digital pre-distortion
component is arranged to:

identify a closest matching predefined vector for the received complex input signal
within the pre-distortion profile; and

map the identified closest matching predefined vector to a set of digital control words to
be output.

3. The RF transmitter of Claim 1 wherein the pre-distortion profile, which is two
dimensional, is at least partly based on an input/output relationship for the arrays of the
switch-mode power cells of the at least one power amplifier module.

4. The RF transmitter of Claim 1 wherein the at least one digital signal processing
module comprises at least one noise shaping component arranged to receive the at least one
complex input signal, receive at least one feedback signal from the at least one digital pre-
distortion component, apply noise shaping to the at least one complex input signal based at
least partly on the at least one feedback signal, and to output at least one noise shaped
complex input signal; and the at least one digital pre-distortion component is arranged to
receive the at least one noise shaped complex input signal, perform two-dimensional non-
uniform mapping of the at least one noise shaped complex input signal to a first, in-phase,
digital control word and at least one further, quadrature, digital control word, and to output
the in-phase and quadrature digital control words.

5. The RF transmitter of Claim 4 wherein the at least one noise shaping component and
the at least one digital pre-distortion component form at least part of a delta sigma modulator.

6. The RF transmitter of Claim 1 wherein the at least one digital signal processing
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module comprises an up-sampling component arranged to perform up-sampling of the
received at least one complex input signal thereby increasing a sample rate of the received at
least one complex input signal to an input data rate of the at least one power amplifier module.

7. The RF transmitter of Claim 1 wherein:

the first array of switch-mode power cells is arranged to receive at least a part of the first,
in-phase digital control word and to generate a first, in-phase, component of the analogue RF
signal based at least partly on the first, in-phase, digital control word; and

the at least one further array of switch-mode power cells is arranged to receive the at
least one further, quadrature, digital control word and to generate at least one further,
quadrature, component of the analogue RF signal based at least partly on the at least one
further, quadrature, digital control word.

8. The RF transmitter of Claim 7 wherein the first, in-phase, array of switch-mode power
cells and at least one further, quadrature, array of switch-mode power cells are further
arranged to receive respective carrier frequency signals, and to generate the respective in-
phase and quadrature components of the analogue RF signal further based at least partly on
the received carrier frequency signals.

9. The RF transmitter of Claim 8 wherein the at least one power amplifier module
comprises

a first, in-phase, phase selector arranged to receive a carrier frequency signal and a first,
in-phase, sign signal, and to output a first, in-phase, carrier frequency signal for the first, in-
phase, array of switch-mode power cells; and

at least one further, quadrature, phase selector arranged to receive the carrier frequency
signal and at least one further, quadrature, sign signal, and to output at least one further,
quadrature, carrier frequency signal for the at least one further, quadrature, array of switch-
mode power cells.

10. The RF transmitter of Claim 1 wherein the at least one power amplifier module
comprises a magnitude and sign generator module arranged to:

receive the digital pre-distortion control words output by the digital signal processing
module; and

generate from each digital pre-distortion control word a magnitude control word
comprising a magnitude component of the respective digital pre-distortion control word, and a
sign signal comprising a sign component of the respective digital pre-distortion control word.

11. The RF transmitter of Claim 1 wherein each array of switch-mode power cells
comprises a plurality of inverse Class D structure switch-mode power cells.

12. An integrated circuit device comprising:

at least one digital signal processing module comprising at least one digital pre-
distortion component arranged to:

receive at least one complex input signal comprising information to be transmitted over a
radio frequency (RF) interface,

perform two-dimensional non-uniform mapping of the at least one received complex
input signal to a first, in-phase digital pre-distortion control word and at least one further,

quadrature digital pre-distortion control word, and
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an output port arranged to output the in-phase and quadrature digital pre-distortion
control words to at least one power amplifier module comprising a first, in-phase, array of
switch-mode power cells and at least one further, quadrature, array of switch-mode power
cells, wherein the two-dimensional non-uniform mapping comprises a pre-distortion profile
that is at least partly based on an input/output relationship for the at least one power amplifier
module, such that an analogue RF signal for transmission is generated based at least partly on
the in-phase and quadrature digital pre-distortion control words.

13. The integrated circuit device of Claim 12 wherein the at least one digital pre-
distortion component is arranged to:

identify a closest matching predefined vector for the received complex input signal
within the pre-distortion profile; and

map the identified closest matching predefined vector to a set of digital control words to
be output.

14. The integrated circuit device of Claim 12 wherein the at least one digital signal
processing module comprises at least one noise shaping component arranged to:

receive the at least one complex input signal;

receive at least one feedback signal from the at least one digital pre-distortion component;

apply noise shaping to the at least one complex input signal based at least partly on the at
least one feedback signal; and

output at least one noise shaped complex input signal.

15. The integrated circuit device of Claim 12 wherein:

the first array of switch-mode power cells is arranged to receive at least a part of the first,
in-phase digital control word and to generate a first, in-phase, component of the analogue RF
signal based at least partly on the first, in-phase, digital control word; and

the at least one further array of switch-mode power cells is arranged to receive the at
least one further, quadrature, digital control word and to generate at least one further,
quadrature, component of the analogue RF signal based at least partly on the at least one
further, quadrature, digital control word.

16. The integrated circuit device of Claim 12 wherein the at least one power amplifier
module comprises a magnitude and sign generator module arranged to:

receive the digital pre-distortion control words output by the digital signal processing
module; and

generate from each digital pre-distortion control word a magnitude control word
comprising a magnitude component of the respective digital pre-distortion control word, and a
sign signal comprising a sign component of the respective digital pre-distortion control word.

17. A wireless communication unit comprising a radio frequency (RF) transmitter
comprising:

at least one digital signal processing module comprising at least one digital pre-distortion
component arranged to:

receive at least one complex input signal comprising information to be transmitted over
an RF interface,

perform two-dimensional non-uniform mapping of the at least one received complex
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input signal to a first, in-phase digital control pre-distortion word and a further quadrature
digital pre-distortion control word, and

output the in-phase and quadrature digital pre-distortion control words; and

at least one power amplifier module comprising a first, in-phase, array of switch-mode
power cells and at least one further, quadrature, array of switch-mode power cells, wherein
the two-dimensional non-uniform mapping comprises a pre-distortion profile that is at least
partly based on an input/output relationship for the at least one power amplifier module, the at
least one power amplifier module being arranged to:

receive the in-phase and quadrature digital pre-distortion control words output by the at
least one digital signal processing module, and

generate an analogue RF signal for transmission over the RF interface based at least
partly on the in-phase and quadrature digital pre-distortion control words.

18. A method of generating a radio frequency signal for transmission over a radio
frequency (RF) interface, the method comprising:

receiving at least one complex input signal comprising information to be transmitted
over the RF interface;

performing two-dimensional non-uniform mapping of the at least one received complex
input signal to a first, in-phase, digital pre-distortion control word and at least one further,
quadrature, digital pre-distortion control word;

providing the in-phase and quadrature digital pre-distortion control words to at least one
power amplifier module comprising a first, in-phase, array of switch-mode power cells and at
least one further, quadrature, array of switch-mode power cells; wherein the two-dimensional
non-uniform mapping comprises a pre-distortion profile that is at least partly based on an
input/output relationship for the at least one power amplifier module, and

generating an analogue RF signal for transmission over an RF interface based at least
partly on the in-phase and quadrature digital control words.

19. The method of Claim 18 further comprising:

identifying a closest matching predefined vector for the received complex input signal
within the pre-distortion profile; and

mapping the identified closest matching predefined vector to a set of digital control
words to be output.

20. The method of Claim 18 wherein the pre-distortion profile, which is two dimensional,
is at least partly based on an input/output relationship for the arrays of the switch-mode power
cells of the at least one power amplifier module.

21. The method of Claim 18 wherein the step of receiving at least one complex input
signal further comprises:

receiving at least one feedback signal from the at least one digital pre-distortion
component;

applying noise shaping to the at least one complex input signal based at least partly on
the at least one feedback signal; and

outputting at least one noise shaped complex input signal; and

the step of performing two-dimensional non-uniform mapping further comprises:
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receiving the at least one noise shaped complex input signal,

performing two-dimensional non-uniform mapping of the at least one noise shaped
complex input signal to a first, in-phase, digital control word and at least one further,
quadrature, digital control word, and

outputting the in-phase and quadrature digital control words.

22. The method of Claim 18 further comprising:

performing up-sampling of the received at least one complex input signal thereby
increasing a sample rate of the received at least one complex input signal to an input data rate
of the at least one power amplifier module.

23. The method of Claim 18 wherein the step of generating an analogue RF signal
comprises:

the first array of switch-mode power cells receiving at least a part of the first, in-phase

digital control word and generating a first, in-phase, component of the analogue RF signal
based at least partly on the first, in-phase, digital control word; and

the at least one further array of switch-mode power cells receiving the at least one further,
quadrature, digital control word and generating at least one further, quadrature, component of
the analogue RF signal based at least partly on the at least one further, quadrature, digital
control word.

24. The method of Claim 18 further comprising:

receiving the digital pre-distortion control words; and

generating from each digital pre-distortion control word a magnitude control word
comprising a magnitude component of the respective digital pre-distortion control word, and a

sign signal comprising a sign component of the respective digital pre-distortion control word.
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600

605

610 Receive digital I/Q input signals

v

615 —~_! Up-sample received digital /Q input signals to
an input data rate of the power amplifier module

y

620 —_| Apply noise shaping to up-sampled input signals
based on digital pre-distortion feedback

y

Perform two dimensional digital pre-distortion of noise shaped and up-
825 ~_ sampled input signals based on a non-uniform pre-distortion profile for
the power ampilifier module to generate I/Q digital control words

v

630 ~_| separate magnitude and sign components of I/Q digital control words:

'

635 ~ Generate signed I/Q carrier frequency signals based
on sign components of I/Q digital control words

v

. Provide signed 1/Q carrier frequency signals and magnitude
640 ™ components of I/Q digital control words to switch-mode power
cell arrays to generate I/Q analogue RF component signals

v

645 —~_ Combine 1/Q analogue RF component signals to
generate complex .analogue RF signal

650

FIG.6
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