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RF TRANSMITTER, INTEGRATED CIRCUIT 
DEVICE, WIRELESS COMMUNICATION 

UNIT AND METHOD THEREFOR 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is continuation-in-part (CIP) of co-pending 
U.S. non-provisional application Ser. No. 13/298,282 (?led 
on Nov. 16, 201 1), and claims the bene?t of US. provisional 
application No. 61/477,684 (?led on Apr. 21, 2011), US. 
provisional application No. 61/500,900 (?led on Jun. 24, 
2011), and US. non-provisional application Ser. No. 13/ 298, 
282 (?led on Nov. 16, 2011), Which claims the bene?t ofU.S. 
provisional application No. 6 1/ 477,684 and US. provisional 
application No. 61/ 500, 900. The entire contents of these 
related applications are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] The ?eld of this invention relates to a radio fre 
quency transmitter, an integrated circuit device, a Wireless 
communication unit and a method therefor. The invention is 
applicable to, but not limited to, a method and apparatus for 
generating a radio frequency signal for transmission over a 
radio frequency (RF) interface. 
[0004] 2. Description of the PriorArt 
[0005] Advances in the deep sub-micron CMOS (Compli 
mentary Metal-Oxide Semiconductor) process have lead to 
digital circuits becoming smaller and more poWer ef?cient. 
HoWever, analog circuits do not scale Well With the deep 
sub-micron CMOS process. It is therefore desirable for 
devices, such as radio frequency (RF) transmitters, to remove 
as many analog components as possible With the assistance of 
digital signal processing algorithms. 
[0006] Furthermore, conventional RF transmitters use lin 
ear poWer ampli?ers. Accordingly, the poWer ef?ciency of 
such conventional RF transmitters is usually very loW due to 
the loW e?iciency of the linear PAs used therein. SWitch 
mode PAs have very high ef?ciency in comparison, Which 
make such sWitch-mode PAs an attractive alternative to con 
ventional linear PAs Within RF transmitters. 
[0007] Thus, an RF transmitter that can utiliZe sWitch 
mode PAs through the assistance of digital processing algo 
rithms to reduce the siZe and improve poWer ef?ciency is 
highly desirable. HoWever, sWitch-mode PAs normally 
exhibit a highly non-linear input-output relationship. Further 
more, to meet stringent co-existence requirements of various 
Wireless standards, noise shaping techniques are required. 
[0008] Digital polar transmitters are a type of knoWn trans 
mitter 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 e?i 
ciency, Whilst requiring only a small area. HoWever, a prob 
lem With these knoWn transmitter designs is that, due to the 
inherent bandWidth expansion characteristics of the AM (am 
plitude modulation) and PM (phase modulation) signals in a 
polar architecture, they are only suitable for narroWband 
modulated signals. 
[0009] Hybrid polar transmitter designs take advantage of 
tWo dimensional (in-phase/ quadrature) modulation to enable 
Wideband phase modulation to be achieved. HoWever, a prob 
lem With such hybrid polar transmitters is that they suffer 
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from both amplitude and phase quantiZation noise, thus 
requiring signi?cant noise shaping. 
[0010] In-phase/Quadrature (IQ) RF digital to analogue 
convert (DAC) based transmitters are also knoWn, Which 
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 e?icient than a digital polar transmitter design. 
[0011] Another knoWn RF transmitter design utiliZes adap 
tive pre-distortion Within a feedback loop using a delta-sigma 
modulator for automatic inversion of poWer ampli?er non 
linearity. Such a design is simple and alloWs for the use of 
loW-precision DACs. HoWever, this design still comprises a 
generally conventional architecture, and so PA ef?ciency is 
loW. 
[0012] It is expected that digitally assisted/intensive RF 
transmitters Will become increasingly desirable. HoWever, 
the digital signal processing in an RF transmitter front-end is 
different than the digital signal processing in baseband appli 
cations since it is related to the RF frequency, and thus is 
usually required to run at high speeds and With small energy 
consumption, Whilst also being limited to small circuit siZe. 
HoWever digital algorithms are limited by the availability of 
circuit speed; therefore ?nding simple yet ef?cient and effec 
tive digital algorithms is crucial from the implementation 
point of vieW. In published literature currently available there 
are discussions on digital algorithms that operate at very high 
clock frequencies, such as four times the carrier frequency. 
HoWever, such clock frequencies are in practice not imple 
mentable. 
[0013] Thus, a need exists for an improved RF transmitter, 
and method of operation therefor. 

SUMMARY OF THE INVENTION 

[0014] Accordingly, the invention seeks to mitigate, allevi 
ate or eliminate one or more of the above mentioned disad 

vantages singly or in any combination. Aspects of the inven 
tion provide a method for generating a radio frequency signal 
for transmission over a radio frequency interface. 

[0015] According to a ?rst aspect of the invention, there is 
provided a radio frequency (RF) transmitter comprising at 
least one digital signal processing module. The at least one 
digital signal processing module is arranged to receive a 
complex digital input signal, successively apply pre-distor 
tion to the received complex digital input signal With a pro 
gressively ?ner granularity, simultaneously progressively 
increase a sampling rate of the received complex digital input 
signal, and output a ?rst, in-phase, digital control Word and a 
second, quadrature, digital control Word for controlling at 
least one digital poWer ampli?er component to generate an 
RF signal that is representative of the received complex digi 
tal input signal. For example, the at least one digital signal 
processing module may be arranged to successively apply 
tWo-dimensional pre-distortion to the received complex digi 
tal input signal With a progressively ?ner granularity. 
[0016] Thus, in this manner, at least some of the processing 
of the complex digital input signal may be performed at loWer 
circuit speeds, thereby enabling the poWer consumption 
required for such processing to be reduced, and simplifying 
algorithms required for ?ner granularity processing required 
to be performed at higher processing speeds, such as at an 
input data rate of the poWer ampli?er module. 
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[0017] According to an optional feature of the invention, 
the at least one digital signal processing module may com 
prise a plurality of digital pre-distor‘tion components arranged 
to sequentially apply pre-distor‘tion to the received complex 
digital input signal With a progressively ?ner granularity as 
the sampling rate of the received complex digital input signal 
is simultaneously progressively increased. 
[0018] For example, the at least one digital signal process 
ing module may comprise a ?rst digital pre-distortion com 
ponent arranged to receive the complex digital input signal 
comprising a ?rst sampling rate and tWo-dimensional pre 
distor‘tion pro?le information for the digital poWer ampli?er 
and output at least an indication of a sub-set of the pre 
distor‘tion pro?le information for the digital poWer ampli?er 
component to Which the received complex digital input signal 
relates. 

[0019] The at least one digital signal processing module 
may further comprise at least one further pre-distor‘tion com 
ponent arranged to receive the digital input signal comprising 
a sampling rate greater than that of a preceding pre-distor‘tion 
component and an indication of a sub-set of the pre-distor‘tion 
pro?le information for the digital poWer ampli?er output by 
the preceding pre-distor‘tion component, and output at least an 
indication of a reduced sub-set of the pre-distor‘tion pro?le 
information for the digital poWer ampli?er component to 
Which the received complex digital input signal relates. 
[0020] According to an optional feature of the invention, 
the at least one digital signal processing module may com 
prise a ?nal pre-distor‘tion component arranged to receive the 
digital input signal comprising a sampling rate greater than 
that of a preceding pre-distortion component and an indica 
tion of a sub-set of the pre-distortion pro?le information for 
the digital poWer ampli?er output by the preceding pre-dis 
tortion component, and output an indication of a reduced 
sub-set of the pre-distor‘tion pro?le information for the digital 
poWer ampli?er component to Which the received complex 
digital input signal relates comprising in-phase and quadra 
ture digital control Words for controlling at least one digital 
poWer ampli?er component to generate an RF signal repre 
sentative of the received complex digital input signal. 
[0021] According to an optional feature of the invention, 
the at least one digital processing module may comprise at 
least one noise shaping component arranged to receive the 
digital input signal and at least one feedback signal from the 
at least one digital pre-distortion component, apply noise 
shaping to the digital input signal based at least partly on the 
at least one feedback signal, and output at least one noise 
shaped digital input signal. 
[0022] According to an optional feature of the invention, 
the at least one digital pre-distor‘tion component may be 
arranged to receive the at least one noise shaped digital input 
signal, perform tWo-dimensional non-uniform mapping of 
the at least one noise shaped digital input signal to the in 
phase and quadrature digital control Words, and to output the 
in-phase and quadrature digital control Words for controlling 
the digital poWer ampli?er component to generate an RF 
signal representative of the received complex digital input 
signal. 
[0023] 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. For example, the at least one digital 
signal processing module may comprise a local delta-sigma 
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modulator comprising a ?nal pre-distortion component for 
performing tWo-dimensional digital pre-distortion embedded 
therein. 
[0024] According to an optional feature of the invention, 
each digital pre-distor‘tion component may be arranged to 
receive the complex (in-phase/quadrature) digital input sig 
nal, identify a closest matching prede?ned vector for the 
received complex digital input signal Within the tWo-dimen 
sional pre-distortion pro?le, and map the identi?ed pre 
de?ned vector to the in-phase and quadrature digital control 
Words to provide the indication of a reduced sub-set of the 
pre-distor‘tion pro?le information for the digital poWer ampli 
?er component to Which the received complex digital input 
signal relates. 
[0025] According to an optional feature of the invention, 
the pre-distor‘tion pro?le may be at least partly based on an 
input/output relationship for the poWer ampli?er module. 
[0026] According to an optional feature of the invention, 
the signal processing module may further comprise at least 
one interpolation component operably coupled betWeen 
sequential pre-distortion components, and arranged to 
receive at a ?rst data rate indications of a sub-set of the 
pre-distor‘tion pro?le information output by a preceding pre 
distor‘tion component to perform interpolation of the multiple 
indications of a sub-set of the pre-distortion pro?le informa 
tion output by a preceding pre-distor‘tion component, and 
output at an increased data rate an interpolated indication of a 
sub-set of the pre-distortion pro?le information to a succes 
sive pre-distortion component. 
[0027] According to a second aspect of the invention, there 
is provided an integrated circuit device comprising at least 
one digital signal processing module arranged to receive a 
complex digital input signal; successively apply pre-distor 
tion to the received complex digital input signal With a pro 
gressively ?ner granularity; simultaneously progressively 
increase a sampling rate of the received complex digital input 
signal; and output a ?rst, in-phase digital control Word and a 
second, quadrature, digital control Word for controlling at 
least one digital poWer ampli?er component to generate an 
RF signal representative of the received complex digital input 
signal. 
[0028] According to a third aspect of the invention, there is 
provided a Wireless communication unit comprising at least 
one digital signal processing module arranged to: receive a 
complex digital input signal; successively apply pre-distor 
tion to the received complex digital input signal With a pro 
gressively ?ner granularity; simultaneously progressively 
increase a sampling rate of the received complex digital input 
signal; and output a ?rst, in-phase digital control Word and a 
second, quadrature, digital control Word. The Wireless com 
munication unit further comprises at least one digital poWer 
ampli?er component arranged to receive the ?rst, in-phase 
digital control Word and a second, quadrature, digital control 
Word that control a generation of an RF signal representative 
of the received complex digital input signal. 
[0029] 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 a complex digital input signal, 
successively applying pre-distor‘tion to the received complex 
digital input signal With a progressively ?ner granularity, 
simultaneously progressively increasing a sampling rate of 
the received complex digital input signal, and outputting a 
?rst, in-phase, digital control Word and a second, quadrature, 
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digital control Word for controlling at least one digital power 
ampli?er component to generate an RF signal representative 
of the received complex digital input signal. 
[0030] These and other aspects of the invention Will be 
apparent from, and elucidated With reference to, the embodi 
ments described hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] Further details, aspects and embodiments of the 
invention Will be described, by Way of example only, With 
reference to the draWings. Elements in the ?gures are illus 
trated 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. 
[0032] FIG. 1 illustrates an example of a simpli?ed block 
diagram of part of an electronic device adapted to support the 
inventive concepts of an example of the present invention. 
[0033] FIG. 2 illustrates a simpli?ed block diagram of an 
example of a radio frequency transmitter. 
[0034] FIG. 3 illustrates a simpli?ed block diagram of an 
example of a digital signal processing module of the radio 
frequency transmitter of FIG. 2. 
[0035] FIG. 4 illustrates a simpli?ed block diagram of an 
example of a radio frequency transmitter according to some 
examples of the present invention. 
[0036] FIG. 5 illustrates a simpli?ed block diagram of an 
example of a digital signal processing module of the radio 
frequency transmitter of FIG. 4. 
[0037] FIG. 6 illustrates a simpli?ed block diagram of an 
alternative example of a digital signal processing module of 
the radio frequency transmitter of FIG. 4. 
[0038] FIG. 7 illustrates a simpli?ed block diagram of an 
alternative example of a radio frequency transmitter accord 
ing to some examples of the present invention. 
[0039] FIG. 8 illustrates a simpli?ed block diagram of an 
example of a digital signal processing module of the radio 
frequency transmitter of FIG. 4. 
[0040] FIG. 9 illustrates a simpli?ed ?owchart of an 
example of a method for generating an analogue RF signal for 
transmission over an RF interface according to some example 
embodiments of the present invention. 

DETAILED DESCRIPTION 

[0041] 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 appreciated that the inventive 
concept described herein is not limited to speci?c features of 
the illustrated example, and may equally be implemented 
Within alternative applications. 
[0042] Referring ?rst to FIG. 1, there is illustrated an 
example of a simpli?ed 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 elec 
tronic device 100 comprises an antenna 102 and contains a 
variety of Well knoWn radio frequency transceiver compo 
nents or circuits operably coupled to the antenna 102. In 
particular for the illustrated example, the antenna 102 is oper 
ably coupled to a duplex ?lter or antenna sWitch 104 that 
provides isolation betWeen a receiver chain 106 and a trans 
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mitter chain 1 07. As is knoWn in the art, the receiver chain 1 06 
typically includes radio frequency receiver circuitry for pro 
viding reception, ?ltering and intermediate or base-band fre 
quency conversion. Conversely, the transmitter chain 107 
typically includes radio frequency transmitter circuitry for 
providing modulation and poWer ampli?cation. An oscillator 
130 is arranged to provide oscillation signals needed by the 
receiver chain 106 and the transmitter chain 107. 
[0043] 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, key 
pad, 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 typi 
cally coupled to the signal processing logic 108 to control the 
timing of operations Within the electronic device 100. 
[0044] 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 process 
ing logic 108; the input signal comprising information to be 
transmitted over an RF interface. The transmitter chain 1 07 is 
further arranged to output an RF signal comprising the infor 
mation to be transmitted to, in the illustrated example, the 
antenna 102 via the antenna sWitch 104. As such, the trans 
mitter chain 107 is typically required to perform digital to 
analogue conversion, mixing, noise shaping and ampli?ca 
tion of the input signal in order to generate the RF signal 
output thereby. 
[0045] 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 com 
plex 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 mod 
ule 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 ?rst 
(In-phase) signal component (i.e., I) 222 and a second 
(Quadrature) signal component (i.e., Q) 224. The digital sig 
nal processing module 210 is further arranged to perform 
mapping of the received complex input signal(s) 222, 224 to 
a ?rst dimension digital control word (eg in-phase control 
Word (IDPA_W) 212) and a second dimension digital control 
word (eg quadrature control Word (QDPA_W) 214), and to 
output the ?rst dimension and second dimension digital con 
trol Words to poWer ampli?er module (e.g., tWo-dimensional 
digital poWer ampli?er, 2D-DPA) 230. 
[0046] The poWer ampli?er module 230 comprises a ?rst 
(in-phase) array of sWitch-mode poWer cells and, in the illus 
trated example, a second (quadrature) array of sWitch-mode 
poWer cells, as described in greater detail beloW With refer 
ence to FIG. 5. The poWer ampli?er 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 
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antenna 102, based at least partly on the received (in-phase 
and quadrature) digital control Words. 
[0047] 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 architec 
ture. 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 ampli?er module 230, thereby bene?t 
ing from the scalability and e?iciency of digital components 
to a greater extent than conventional (linear PA) RF architec 
tures. Furthermore, the RF transmitter 200 illustrated in FIG. 
2 takes advantage of the ef?ciency of sWitch-mode poWer 
cells. 
[0048] SWitch-mode poWer cells typically exhibit a highly 
non-linear input-output relationship, in particular When out 
put 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 is able to provide 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. 
[0049] In some example embodiments of the present inven 
tion, digital pre-distortion is required to be performed With a 
sampling rate 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 compo 
nent (ZD-DPD) 250. Accordingly, the digital signal process 
ing module 210 of the RF transmitter 200 of FIG. 2 comprises 
an up-sampling & ?ltering component 240 arranged to per 
form 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 ampli?er module 23 0. In addition, 
for some example embodiments the input to the poWer ampli 
?er module 230 may comprise a ‘ sample and hold’ operation. 
As such, so-called DAC images may be seen at the output of 
the poWer ampli?er module 230 that are spaced from each 
other by the sampling frequency at the input of the poWer 
ampli?er module 230. Accordingly, up-sampling of the input 
signal components 212, 214 enables the spacing of such 
images to be increased. 
[0050] 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-uni 
form mapping of the (up-sampled) input signals (i.e., I_u and 
Q_u) 242, 244 to the (in-phase and quadrature) digital control 
Words 212,214. 
[0051] 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 pre 
de?ned vector for the received complex input signal Within a 
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pre-distortion pro?le 350, and map the identi?ed prede?ned 
vector to a set of digital control Words to be output. In some 
examples, the pre-distortion pro?le 350 may be at least partly 
based on an input/output relationship for the poWer ampli?er 
module 230, and in particular the pre-distortion pro?le 350 
may be at least partly based on an input/output relationship 
for the sWitch-mode poWer cell arrays of the poWer ampli?er 
module 230. In this manner, pre-distortion may be applied to 
the (up-sampled) in-phase and quadrature components 242, 
244 that compensates for poWer ampli?er module character 
istics, and in particular the non-linear sWitch-mode poWer cell 
characteristics. Advantageously, utilising prede?ned/and/or 
mapped pro?le vector data in this manner enables different 
data to be provided according to the speci?c characteristics of 
different digital poWer ampli?er modules. Accordingly, the 
digital signal processing module may be adapted for use 
Within different transmitter applications. 
[0052] For the example illustrated in FIG. 2 and FIG. 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 ampli 
?er 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. 
[0053] 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 ampli?er mod 
ule 230, the digital pre-distortion module component 250 and 
poWer ampli?er module 23 0 may be provided With a common 
clock signal 310. 
[0054] Thus, for the example illustrated in FIG. 2, the digi 
tal 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 ampli?er module 
230, and to output digital control Words 212, 214 to the poWer 
ampli?er module 230, Wherein the digital control Words 212, 
214 are arranged to drive the poWer ampli?er module 230 to 
output an analogue RF signal that represents the up-sampled 
complex (IQ) input signal 242, 244. In particular, a pre 
distortion pro?le 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 relation 
ship for the sWitch-mode poWer cell arrays of the poWer 
ampli?er 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. 

[0055] The digital signal processing module 210 is required 
to run at a suf?ciently high processing speed in order to obtain 
bene?ts from the over-sampling. HoWever, it is also desirable 
for the digital signal processing module to have as loW poWer 
consumption as possible. Accordingly, very high circuit 
speeds are not practical from a poWer consumption point of 
vieW. Since digital algorithms are limited by the availability 
of circuit speed, simple and effective digital algorithms are 
desirable from an implementation point of vieW in order to 
achieve the required high processing speeds Whilst minimis 
ing poWer consumption. 
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[0056] Referring noW to FIG. 4, there is illustrated a sim 
pli?ed block diagram of an example of an RF transmitter 400 
adapted in accordance With some example embodiments of 
the present invention, such as may be implemented Within the 
transmitter chain 107 of FIG. 1. For the illustrated example, 
the RF transmitter 400 is implemented Within an integrated 
circuit device 405. The RF transmitter 400 of FIG. 4 com 
prises one or more digital signal processing modules, such as 
the digital signal processing module illustrated generally at 
410. The (at least one) digital signal processing module 410 is 
arranged to receive a complex (in-phase/quadrature) digital 
input signal 420, successively apply pre-distortion to the 
received complex digital input signal 420 With a progres 
sively ?ner granularity Whilst simultaneously progressively 
increase a sampling rate of the received complex digital input 
signal 420, and output a ?rst, in-phase, digital control Word 
(IDPA_W) 412 and a second, quadrature, digital control Word 
(QDPA_W) 414 for controlling at least one digital poWer 
ampli?er component, such as the digital poWer ampli?er 
module illustrated at 230, to generate an RF signal represen 
tative of the received complex digital input signal 420. 
[0057] In this manner, at least some of the processing of the 
digital input signal 420 may be performed at loWer circuit 
speeds, thereby enabling the poWer consumption required for 
such processing to be reduced, and simplifying algorithms 
required for ?ner granularity processing required to be per 
formed at higher processing speeds, such as at an input data 
rate of the digital poWer ampli?er module 230. 

[0058] For example, and as illustrated in FIG. 4, the digital 
signal processing module 410 comprises a plurality of digital 
pre-distortion components arranged to sequentially apply 
pre-distortion to the received complex digital input signal 420 
With a progressively ?ner granularity as the sampling rate of 
the received complex digital input signal 420 is simulta 
neously progressively increased. Speci?cally for the illus 
trated example, and as illustrated in greater detail in FIG. 5, 
the digital signal processing module 410 comprises a ?rst 
digital pre-distortion component (denoted by ‘Global 
2D-DPD and Mapper’) 430 arranged to receive the digital 
input signal 425 and pre-distortion pro?le information 530 
for the digital poWer ampli?er 230, and output at least an 
indication of a sub-set of the pre-distortion pro?le informa 
tion 530 for the digital poWer ampli?er module 230 to Which 
the received complex digital input signal relates. 
[0059] In particular for the illustrated example, the digital 
signal processing module 410 is arranged to receive a com 
plex digital input signal 420 comprising a ?rst, in-phase, 
component 422 and a second, quadrature, component 424, 
and to output a ?rst, in-phase, digital control Word 412 and a 
second, quadrature, digital control Word 414 for controlling 
the digital poWer ampli?er module 230 to generate a complex 
RF signal representative of the received complex digital input 
signal 420. The digital signal processing module 410 of FIG. 
4 comprises a ?rst up-sampling component 450 arranged to 
perform up-sampling of the received complex input signal 
components 422, 424 to increase the sample rate thereof from 
a baseband data rate of, say, 20 MHZ to, for example, an 
intermediate data rate of, say, 100 MHZ at 425. The ?rst 
digital pre-distortion component 430 is arranged to receive 
the up-sampled digital input signal components 425 compris 
ing the intermediate data rate, and pre-distortion pro?le infor 
mation 530 (see FIG. 5), and to identify a closest matching 
prede?ned vector for the received complex digital input sig 
nal components 425 Within the pre-distortion pro?le infor 
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mation 530 and map the identi?ed prede?ned vector to, for 
example, a set of digital control Words (i.e., global code 
Words) 432, 434 to provide an indication of a reduced sub-set 
of the pre-distortion pro?le information 530. In some 
examples of the present invention, the pre-distortion pro?le 
information 530 may be at least partly based on an input/ 
output relationship for the poWer ampli?er module 230, and 
in particular the pre-distortion pro?le information 530 may be 
at least partly based on an input/output relationship for the 
sWitch-mode poWer cell arrays of the poWer ampli?er module 
230. In this manner, pre-distortion may be applied to the 
up-sampled input signal components 425 that compensates 
for poWer ampli?er module characteristics, and in particular 
the non-linear sWitch-mode poWer cell characteristics, With a 
?rst (coarse) granularity. 
[0060] The digital signal processing module 410 further 
comprises at least one further pre-distortion component 
arranged to receive the digital input signal comprising a sam 
pling rate greater than that of a preceding pre-distortion com 
ponent and an indication of a sub-set of the pre-distortion 
pro?le information for the digital poWer ampli?er output by 
the preceding pre-distortion component, and to output at least 
an indication of a reduced sub-set of the pre-distortion pro?le 
information for the digital poWer ampli?er component to 
Which the received complex digital input signal relates. 
[0061] In particular for the illustrated example, the digital 
signal processing module 410 of FIG. 4 comprises a further 
up-sampling component 455 arranged to perform further up 
sampling of the received digital input signal (i.e., I_b and Q_b 
shoWn in FIG. 5) 425 to further increase the sample rate 
thereof from the intermediate data rate of, for the illustrated 
example, 100 MHZ to, for example, an input data rate of the 
poWer ampli?er module 230 of, say, 800 MHZ. The digital 
signal processing module 410 further comprises a ?nal pre 
distortion component (denoted by ‘Local 2D-DPD and Map 
per’) 440 arranged to receive the further up-sampled digital 
input signal (e.g., I_u and Q_u shoWn in FIG. 5) 427 and the 
set of digital control Words 432, 434 indicating a reduced 
sub-set of the pre-distortion pro?le information 530 output by 
the ?rst pre-distortion component 430. The ?nal pre-distor 
tion component 440 is further arranged to output an indica 
tion of a reduced sub-set of the pre-distortion pro?le infor 
mation for the digital poWer ampli?er component 230 in the 
form of the digital control Words 412, 414 for controlling the 
digital poWer ampli?er module 230 to generate an RF signal 
representative of the received complex digital input signal 
420. 

[0062] In this manner, the digital input signal 420 is pro 
gressively up-sampled, With pre-distortion being progres 
sively applied at each up-sampled stage. Thus, for the illus 
trated example, the digital signal processing module 410 is 
arranged to apply a ?rst stage of coarse granularity pre-dis 
tortion to the input signal at the intermediate data rate of 100 
MHZ, and a second stage of ?ner granularity pre-distortion to 
the input signal at the poWer ampli?er module input data rate 
of 800 MHZ. In addition for the illustrated example, the signal 
processing module 410 further comprises at least one inter 
polation component (denoted by ‘Hold (or Interp.) for L 
CodeWords’) 460 operably coupled betWeen sequential pre 
distortion components (i.e., 430 and 440), and arranged to 
receive at a ?rst data rate indications of a sub-set of the 
pre-distortion pro?le information output by a preceding pre 
distortion component, perform interpolation of the indica 
tions of a sub-set of the pre-distortion pro?le information 
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output by a preceding pre-distortion component, and output at 
an increased data rate interpolated indications of a sub-set of 
the pre-distortion pro?le information to a successive pre 
distortion component at an increased sampling rate. Speci? 
cally for the illustrated example, the interpolation component 
460 is arranged to receive at the intermediate data rate of the 
up-sampled signal at 425 (i.e. at 100 MHZ) the set of digital 
control Words 432, 434 indicating a reduced sub-set of the 
pre-distortion pro?le information 530 output by the ?rst pre 
distortion component 430, and to output at the increased input 
data rate of the poWer ampli?er module 230 (i.e. at 800 MHZ) 
a set of digital control Words (i.e., c_l and c_Q shoWn in FIG. 
5) 465 providing interpolated indications of a sub-set of the 
pre-distortion pro?le information. In this manner, the second 
(?nal) pre-distortion component 440 is provided With inter 
polated indications of a sub-set of the pre-distortion pro?le 
information at the same (up-sampled) data rate as the input 
signal 427 received thereby. 
[0063] For the example illustrated in FIG. 4, the digital 
signal processing module 410 has been illustrated as com 
prising a ?rst (global) pre-distortion component 430 and a 
second (local) pre-distortion component 440 arranged to up 
sample and successively apply pre-distortion to the input 
signal 420 in tWo stages for ease of understanding. HoWever, 
it Will be appreciated that such a digital signal processing 
module 410 may comprise any suitable number of such cas 
caded pre-distortion components. 
[0064] For example, and as illustrated in FIG. 6, the digital 
signal processing module 600 is an alternative design of the 
digital signal processing module 410, and may comprise an 
N-stage progressive architecture comprising a ?rst up-sam 
pling and pre-distortion stage comprising a ?rst up-sampling 
component 610 and a ?rst digital pre-distortion component 
615. The ?rst up-sampling component 610 is arranged to 
perform up-sampling of the received complex input signal 
420 to increase the sample rate thereof from a baseband data 
rate of, say, 20 MHZ to a ?rst intermediate data rate of, say, 
100 MHZ at 612. The ?rst digital pre-distortion component 
615 is arranged to receive the digital input signal at the ?rst 
intermediate data rate 612 output by the ?rst up-sampling 
component 610, and pre-distortion pro?le information 530 
for the digital poWer ampli?er 230, and output set of digital 
control Words indicating a sub-set of the pre-distortion pro?le 
information 530 for the digital poWer ampli?er module 230 to 
Which the received complex digital input signal relates. 
[0065] The digital signal processing module 600 compris 
ing the N-stage progressive architecture of FIG. 6 further 
comprises N-l further up-sampling and pre-distortion 
stages. In particular for the illustrated example, the digital 
signal processing module 600 comprises a 4-stage progres 
sive architecture comprising three further up-sampling and 
pre-distortion stages. 
[0066] A second up-sampling and pre-distortion stage 
comprises a second up-sampling component 620 and a sec 
ond digital pre-distortion component 625. The second up 
sampling component 620 is arranged to perform further up 
sampling of the received up-sampled complex input signal to 
increase the sample rate thereof from the ?rst intermediate 
data rate of, in the illustrated example, 100 MHZ to a second 
intermediate data rate of, say, 200 MHZ at 622. The second 
digital pre-distortion component 625 is arranged to receive 
the digital input signal at the second intermediate data rate 
622 output by the second up-sampling component 620, and 
pre-distortion pro?le information 530 for the digital poWer 
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ampli?er module 230, and output set of digital control Words 
indicating a reduced sub-set of the pre-distortion pro?le 
information 530 for the digital poWer ampli?er module 230 to 
Which the received complex digital input signal relates. 
[0067] A third up-sampling and pre-distortion stage com 
prises a third up-sampling component 630 and a third digital 
pre-distortion component 635. The third up-sampling com 
ponent 630 is arranged to perform further up-sampling of the 
received up-sampled complex input signal to increase the 
sample rate thereof from the second intermediate data rate of, 
in the illustrated example, 200 MHZ to a third intermediate 
data rate of, say, 400 MHZ at 632. The third digital pre 
distortion component 635 is arranged to receive the digital 
input signal at the third intermediate data rate 632 output by 
the third up-sampling component 630, and pre-distortion pro 
?le information 530 for the digital poWer ampli?er module 
230, and output set of digital control Words indicating a 
further reduced sub-set of the pre-distortion pro?le informa 
tion 530 for the digital poWer ampli?er module 230 to Which 
the received complex digital input signal relates. 
[0068] A fourth (and in the illustrated example ?nal) up 
sampling and pre-distortion stage comprises a fourth up 
sampling component 640 and a fourth digital pre-distortion 
component 645. The fourth up-sampling component 640 is 
arranged to perform further up-sampling of the received up 
sampled complex input signal to increase the sample rate 
thereof from the third intermediate data rate of, in the illus 
trated example, 400 MHZ to an input data rate of the poWer 
ampli?er module 230 of, say, 800 MhZ at 642. The fourth 
digital pre-distortion component 645 is arranged to receive 
the digital input signal at the poWer ampli?er module input 
data rate 642 output by the fourth up-sampling component 
640, and pre-distortion pro?le information 530 for the digital 
poWer ampli?er module 230, and output set of digital control 
Words indicating a still further reduced sub-set of the pre 
distortion pro?le information for the digital poWer ampli?er 
module 230 in the form of the digital control Words 412, 414 
for controlling the digital poWer ampli?er module 230 to 
generate an RF signal representative of the received complex 
digital input signal 420. 
[0069] The digital signal processing module 600 compris 
ing the N-stage progressive architecture of FIG. 6 further 
comprises a plurality of interpolation components 617, 627, 
637 operably coupled betWeen sequential digital pre-distor 
tion components 615, 625, 635, 645. 
[0070] A ?rst interpolation component 617 is operably 
coupled betWeen the ?rst digital pre-distortion component 
615 and the second digital pre-distortion component 625, and 
arranged to receive at the ?rst intermediate data rate of the 
digital input signal 612 output by the ?rst up-sampling com 
ponent 610 (i.e. at 100 MHZ) the set of digital control Words 
indicating a sub-set of the pre-distortion pro?le information 
530 output by the ?rst pre-distortion component 615, and to 
output at the second intermediate data rate of the digital input 
signal 622 output by the second up-sampling component 620 
(i.e. at 200 MHZ) a set of interpolated digital control Words 
indicating a sub-set of the pre-distortion pro?le information 
530. 

[0071] A second interpolation component 627 is operably 
coupled betWeen the second digital pre-distortion component 
625 and the third digital pre-distortion component 635, and 
arranged to receive at the second intermediate data rate of the 
digital input signal 622 output by the second up-sampling 
component 620 (i.e. at 200 MHZ) the set of digital control 
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Words indicating a reduced sub-set of the pre-distortion pro 
?le information 530 output by the second pre-distor‘tion com 
ponent 625, and to output at the third intermediate data rate of 
the digital input signal 632 output by the third up-sampling 
component 630 (i.e. at 400 MHZ) a set of interpolated digital 
control Words indicating a reduced sub-set of the pre-distor 
tion pro?le information 530. 
[0072] A third interpolation component 637 is operably 
coupled betWeen the third digital pre-distortion component 
635 and the fourth digital pre-distortion component 645, and 
arranged to receive at the third intermediate data rate of the 
digital input signal 632 output by the third up-sampling com 
ponent 630 (i.e. at 400 MHZ) the set of digital control Words 
indicating a reduced sub-set of the pre-distortion pro?le 
information 53 0 output by the third pre-distor‘tion component 
635, and to output at the input data rate of the poWer ampli?er 
module 230 output by the fourth up-sampling component 640 
(i.e. at 800 MHZ) a set of interpolated digital control Words 
indicating a further reduced sub-set of the pre-distor‘tion pro 
?le information 530. 
[0073] Thus, a series of progressively more accurate pre 
distor‘tion stages may be implemented at progressively faster 
processing speeds. 
[0074] Referring noW to FIG. 7 there is illustrated an RF 
architecture comprising an alternative example of a digital 
signal processing module 710. The digital signal processing 
module 710 of FIG. 7 further comprises a noise shaping 
component 720. The noise shaping component 720 is 
arranged to receive the complex input signal and at least one 
feedback signal from at least one digital pre-distortion com 
ponent, apply noise shaping to the complex input signal based 
at least partly on the at least one feedback signal, and output 
at least one noise shaped complex input signal. Speci?cally 
for the illustrated example, the noise shaping component 720 
is arranged to receive the complex input signal 420 
up-sampled to an input data rate of the poWer ampli?er mod 
ule 230 and a complex feedback signal from a ?nal digital 
pre-processing component 730, and to output a noise shaped 
complex input signal to the ?nal digital pre-processing com 
ponent 730. The ?nal digital pre-distor‘tion component 730 is 
arranged to receive the noise shaped complex input signal, 
perform non-uniform mapping of the noise shaped complex 
input signal and to output a set of digital control Words 412, 
414 for controlling the digital poWer ampli?er component 
230 to generate an RF signal representative of the received 
complex digital input signal 420. 
[0075] In this manner, noise shaping of the complex input 
signal 420 may be performed Within the digital domain, and 
Within the feed-forWard path, prior to the non-uniform map 
ping to the digital control Words 412, 414, thereby 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 con?gurable 
and/ or programmable noise transfer function. In this manner, 
the RF transmitter may be con?gured and/ or programmed to 
perform required noise shaping to meet stringent co-exist 
ence requirements of a plurality of different Wireless stan 
dards. 
[0076] As illustrated in FIG. 7, the noise shaping compo 
nent 720 and the ?nal digital pre-distor‘tion component 730 
may be arranged to form a delta-sigma modulator (AZ Modu 
lator), as illustrated at 750. In this manner, quantiZation noise 
introduced by the various digital pre-distor‘tion components 
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Within the digital signal processing module 710 may be com 
pensated for. As illustrated in greater detail in FIG. 8, the 
up-sampled complex input signal comprises a tWo-dimen 
sional vector x(n) 810. The I-value and Q-value of x(n) 810 
may be Within a value range of, say, —4095 to +4095, respec 
tively. Therefore a 13-bit binary Word is required to represent 
x(n) 810 to cover the Whole range of x(n) 810. In a conven 
tional delta-sigma modulator, x(n) 810 is directly input to an 
adder of the noise shaper inside the delta-sigma modulator. 
This Would require at least a 13-bit adder. Since the adder is 
also inside the feedback loop and a 13-bit adder takes time to 
effect the additions, this Would have a detrimental impact on 
the speed of the Whole conventional delta-sigma modulator, 
ie the operating clock frequency for a conventional delta 
sigma modulator in this case Would not be able to be suf? 
ciently high. Furthermore, since there are many bits in the 
adder, the conventional delta-sigma modulator also consumes 
a lot of poWer. 

[0077] HoWever, for the example illustrated in FIG’s 7 and 
8, the complex input signal has previously been mapped to a 
pre-de?ned DPA point u(n), illustrated generally at 830 
Within the tWo-dimensional pro?le for the digital poWer 
ampli?er (e.g. Within previous digital pre-distortion compo 
nents, such as the global digital pre-distortion component 
(Global ZD-DPD) 820 illustrated in FIG. 8). For the illus 
trated example, rather than using the vector x(n) 810 for the 
up-sampled complex input signal as the input to the adder of 
the noise shaper 720 Within the delta-sigma modulator 750, as 
Would be the case for conventional delta-sigma modulator, 
the difference betWeen x(n) 810 and u(n) 830 is taken (by Way 
of an adder 835 outside the local delta-sigma modulator 750 
in the illustrated example), Which results in the vector v(n) 
840. The vector v(n) 840 is then used as the input to the adder 
of the noise shaper 720 inside the delta-sigma modulator 750. 
The I-value and Q-value of v(n) 840 is usually in the range of, 
say, —7 to +7, and thus only a 4-bit adder is required for the 
noise shaper 720 inside the delta-sigma modulator 750. Thus, 
only a 4-bit adder is present inside the feedback loop, thereby 
enabling the speed of the Whole local delta-sigma modulator 
750 With embedded tWo-dimensional digital pre-distortion to 
be drastically increased. Also, due to the feWer number of bits 
required in the adder of the noise shaper 720, the poWer 
consumption of the local delta-sigma modulator 750 With 
embedded tWo-dimensional digital pre-distor‘tion can be sig 
ni?cantly reduced. 
[0078] With regard to the noise shaping applied by the local 
delta-sigma modulator 750 as compared With a conventional 
delta-sigma modulator, suppose the feedback for both the 
local delta-sigma modulator 750 of the illustrated example 
and conventional delta-sigma modulator is initially e(n), as 
illustrated at 850 in FIG. 8. For a conventional delta-sigma 
modulator, a tWo-dimensional vector f(n) output by the noise 
shaper of the delta-sigma modulator may be expressed as 
f(n)q<(n)+h(n)*e(n), Where * denotes component-Wise con 
volution, since x(n) 810 is directly applied to the adder of the 
noise shaper inside conventional delta-sigma modulator. 
Conversely, for local delta-sigma modulator 750 of the illus 
trated example, the tWo -dimensional vector f(n), illustrated at 
880, output by the noise shaper 720, may be expressed as 
f(n)q/(n)+h(n)*e(n):(x(n)—u(n))+h(n)*e(n) since v(n) 840 is 
directly applied to the adder of the noise shaper 720 inside the 
local delta-sigma modulator 750. 
[0079] Comparative embedded pre-distortion components 
Within the local delta-sigma modulator 750 and a conven 
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tional delta-sigma modulator Will map the same input vector 
x(n) 810 to the same point Within the tWo-dimensional pro?le 
for the digital power ampli?er, since the resulting mapped 
vector y(n) is the closest to the vector f(n), Where f(n) is a 
noise-shaped version of x(n). For example, for the next clock 
cycle, a neW error vector e(n) for the conventional delta-sigma 
modulator is e(n)%/(n)—(Conventional f(n)); y(n) comprising 
the output vector illustrated generally at 860. The neW error 
vector e(n) 850 for the local delta-sigma modulator 750 is 
e(n)qv(n)—(Local f(n)); W(n) being indicated generally at 
870. Both feedback values e(n) correspond to respective vec 
tors betWeen the vector f(n) output by the noise shaper of the 
delta-sigma modulator and a DPA point Within the tWo-di 
mensional pro?le for the digital poWer ampli?er pro?le rep 
resented by the vector y(n) for the conventional delta-sigma 
modulator, or W(n) for the local delta- sigma modulator 750 of 
the illustrated example output by the poWer ampli?er module 
(denoted by ‘DPA Array and Combining’ in FIG. 8) 230. As 
such the feedback values e(n) for both the local delta-sigma 
modulator 750 of the illustrated example and a conventional 
delta-sigma modulator Will comprise the same vector. This 
same vector Will be used as the feedback e(n) in both the local 
delta-sigma modulator 750 and the conventional delta-sigma 
modulator. Thus, both the local delta-sigma modulator 750 of 
the illustrated example and a conventional delta-sigma modu 
lator realiZe the same noise shaping. 
Notably, substituting the equation: 
Conventional f(n)q(n)+h(n)*e(n) into the equation: 

y(n):x(n)+(5(n)+h(n)*4"), 

Where: 
[0080] y(n) is the (quantized) digital output 860 of the 
poWer ampli?er component, 
[0081] x(n) is the input signal, and 
[0082] e(n) is the quantiZation error, (6(n)+h(n)) realiZes 
the shaping on the quantiZation error e(n). 
[0083] By changing h(n), it is possible to realiZe the desired 
noise shaping. Since the local delta-sigma modulator 750 
With embedded tWo-dimensional digital pre-distortion takes 
v(n) 840 as an input, Which has feWer bits, the local delta 
sigma modulator 750 With embedded tWo-dimensional digi 
tal pre-distortion consumes less poWer and can operate at 
higher clock frequency. 
[0084] Thus, for the illustrated example, the noise shaping 
component 720 and the ?nal digital pre-distortion component 
730 may be arranged to form a ‘local’ delta-sigma modulator 
750 that comprises the ?nal pre-distortion component 730 
embedded therein, Whereby delta-sigma modulation need 
only be performed for a localised sub-set of the pre-distortion 
pro?le information. Such a local delta-sigma modulator 750 
comprising the ?nal pre-distortion component 730 embedded 
therein is able to achieve substantially the same noise shaping 
and digital pre-distortion as a conventional delta-sigma 
modulator With an embedded pre-distortion component, but 
With signi?cantly reduced poWer consumption through bit 
Width reduction in the noise shaper 720. Furthermore, by 
applying pre-distortion to the received digital input signal 
With a progressively ?ner granularity, as herein described, 
and implementing such a local delta-sigma modulator 750 
comprising the ?nal pre-distortion component 730 embedded 
therein may also enable the clock frequency that the delta 
sigma modulator 750 is able to operate at to be increased. 
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[0085] Referring noW to FIG. 9, there is illustrated a sim 
pli?ed ?owchart 900 of an example of a method for generat 
ing an analogue RF signal for transmission over an RF inter 
face. The method of FIG. 9 starts at step 910, and moves on to 
step 920 With the receipt of digital IQ input signal comprising 
information to be transmitted over the RF interface. Next, at 
step 930, pre-distortion is applied to the received complex 
digital input signal With a progressively ?ner granularity. 
Substantially simultaneously, at step 940, a sampling rate of 
the received complex digital input signal is progressively 
increased. Noise shaping may the then be applied to the 
up-sampled input signal, at 950, for example based on feed 
back from a ?nal digital pre-distortion stage. Digital pre 
distortion of the noise shaped, up-sampled input signal may 
then be performed based on a non-uniform pre-distortion 
pro?le for the poWer ampli?er module to generate in-phase 
and quadrature digital control Words, at step 960. The digital 
control Words for controlling the digital poWer ampli?er com 
ponent are then output, at step 970, and the method ends at 
step 980. 

[0086] 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 under 
lying concepts of the present invention and in order not to 
obfuscate or distract from the teachings of the present inven 
tion. 

[0087] In the foregoing speci?cation, the invention has 
been described With reference to speci?c examples of 
embodiments of the invention. It Will, hoWever, be evident 
that various modi?cations and changes may be made therein 
Without departing from the broader spirit and scope of the 
invention as set forth in the appended claims. 

[0088] 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 interme 
diate devices. Accordingly, unless implied or stated other 
Wise, 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 bidirec 
tional connections and vice versa. Also, a plurality of connec 
tions 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. 
[0089] 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 sig 
nals described as positive logic signals may be implemented 
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as negative logic signals, and those signals described as nega 
tive logic signals may be implemented as positive logic sig 
nals. 
[0090] 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 logi 
cally 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. 
[0091] 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 cir 
cuit elements or impose an alternate decomposition of func 
tionality 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. 
[0092] Any arrangement of components to achieve the 
same functionality is effectively ‘associated’ such that the 
desired functionality is achieved. Hence, any tWo compo 
nents 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 con 
nected’, or ‘operably coupled’, to each other to achieve the 
desired functionality. 
[0093] 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. 
[0094] HoWever, other modi?cations, variations and alter 
natives are also possible. The speci?cations and draWings are, 
accordingly, to be regarded in an illustrative rather than in a 
restrictive sense. 

[0095] 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 de?ned 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 inde?nite articles ‘a’ or ‘an’, limits any par 
ticular 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 inde?nite articles such as ‘a’ or ‘an’. The 
same holds true for the use of de?nite articles. Unless stated 
otherWise, terms such as ‘?rst’ and ‘second’ are used to arbi 
trarily 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. 
[0096] Those skilled in the art Will readily observe that 
numerous modi?cations and alterations of the device and 
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method may be made While retaining the teachings of the 
invention. Accordingly, the above disclosure should be con 
strued as limited only by the metes and bounds of the 
appended claims. 
What is claimed is: 
1. A radio frequency (RF) transmitter comprising at least 

one digital signal processing module, the at least one digital 
signal processing module being arranged to: 

receive a complex digital input signal; 
successively apply pre-distortion to the received complex 

digital input signal With a progressively ?ner granular 
ity; 

simultaneously progressively increase a sampling rate of 
the received complex digital input signal; and 

output a ?rst, in-phase digital control Word and a second, 
quadrature, digital control Word for controlling at least 
one digital poWer ampli?er component to generate an 
RF signal representative of the received complex digital 
input signal. 

2. The RF transmitter of claim 1 Wherein the at least one 
digital signal processing module is arranged to successively 
apply tWo-dimensional pre-distortion to the received com 
plex digital input signal With a progressively ?ner granularity. 

3. The RF transmitter of claim 1 Wherein the at least one 
digital signal processing module comprises a plurality of 
digital pre-distortion components arranged to sequentially 
apply pre-distortion to the received complex digital input 
signal With a progressively ?ner granularity as the sampling 
rate of the received complex digital input signal is simulta 
neously progressively increased. 

4. The RF transmitter of claim 3 Wherein the at least one 
digital signal processing module comprises a ?rst digital pre 
distortion component arranged to receive the complex digital 
input signal comprising a ?rst sampling rate and tWo-dimen 
sional pre-distortion pro?le information for the digital poWer 
ampli?er. 

5. The RF transmitter of claim 4 Wherein the at least one 
digital signal processing module outputs at least an indication 
of a sub-set of the pre-distortion pro?le information for the 
digital poWer ampli?er component to Which the received 
complex digital input signal relates. 

6. The RF transmitter of claim 4 Wherein the at least one 
digital signal processing module comprises at least one fur 
ther pre-distortion component arranged to receive the com 
plex digital input signal comprising a sampling rate greater 
than that of a preceding pre-distortion component and an 
indication of a sub-set of the pre-distortion pro?le informa 
tion for the digital poWer ampli?er output by the preceding 
pre-distortion component; and output at least an indication of 
a reduced sub-set of the pre-distortion pro?le information for 
the digital poWer ampli?er component to Which the received 
complex digital input signal relates. 

7. The RF transmitter of claim 4 Wherein the at least one 
digital signal processing module comprises a ?nal pre-distor 
tion component arranged to: 

receive the complex digital input signal comprising a sam 
pling rate greater than that of a preceding pre-distortion 
component and an indication of a sub-set of the pre 
distortion pro?le information for the digital poWer 
ampli?er output by the preceding pre-distortion compo 
nent; and 

output an indication of a reduced sub-set of the pre-distor 
tion pro?le information for the digital poWer ampli?er 
component to Which the received complex digital input 
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signal relates comprising the in-phase and quadrature 
digital control Words for controlling at least one digital 
poWer ampli?er component to generate an RF signal 
representative of the received complex digital input sig 
nal. 

8. The RF transmitter of claim 3 Wherein the at least one 
digital processing module further comprises at least one noise 
shaping component arranged to receive the complex digital 
input signal and at least one feedback signal from the at least 
one digital pre-distortion component, apply noise shaping to 
the complex digital input signal based at least partly on the at 
least one feedback signal, and output at least one noise shaped 
complex digital input signal. 

9. The RF transmitter of claim 8 Wherein the at least one 
digital pre-distortion component is arranged to receive the at 
least one noise shaped complex digital input signal, perform 
tWo-dimensional non-uniform mapping of the at least one 
noise shaped complex digital input signal to the in-phase and 
quadrature digital control Words, and to output the in-phase 
and quadrature digital control Words for controlling the digi 
tal poWer ampli?er component to generate an RF signal rep 
resentative of the received complex digital input signal. 

10. The RF transmitter of claim 9 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. 

11. The RF transmitter of claim 10 Wherein the at least one 
digital signal processing module comprises a local delta 
sigma modulator comprising a ?nal pre-distortion compo 
nent for performing tWo-dimensional digital pre-distortion 
embedded therein. 

12. The RF transmitter of claim 3 Wherein each digital 
pre-distortion component is arranged to: 

receive the complex digital input signal; 
identify a closest matching prede?ned vector for the 

received complex digital input signal Within the tWo 
dimensional pre-distortion pro?le; and 

map the identi?ed prede?ned vector to the in-phase and 
quadrature digital control Words to provide the indica 
tion of a reduced sub-set of the pre-distortion pro?le 
information for the digital poWer ampli?er component 
to Which the received complex digital input signal 
relates. 

13. The RF transmitter of claim 3 Wherein the pre-distor 
tion pro?le is at least partly based on an input/output relation 
ship for the poWer ampli?er module. 

14. The RF transmitter of claim 3 Wherein the signal pro 
cessing module further comprises at least one interpolation 
component operably coupled betWeen sequential pre-distor 
tion components, and arranged to: 
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receive at a ?rst data rate indications of a sub-set of the 
pre-distortion pro?le information output by a preceding 
pre-distortion component; 

perform interpolation of the multiple indications of a sub 
set of the pre-distortion pro?le information output by a 
preceding pre-distortion component; and 

output at an increased data rate an interpolated indication 
of a sub-set of the pre-distortion pro?le information to a 
successive pre-distortion component. 

15. An integrated circuit device comprising at least one 
digital signal processing module arranged to: 

receive a complex digital input signal; 
successively apply pre-distortion to the received complex 

digital input signal With a progressively ?ner granular 
ity; 

simultaneously progressively increase a sampling rate of 
the received complex digital input signal; and 

output a ?rst, in-phase digital control Word and a second, 
quadrature, digital control Word for controlling at least 
one digital poWer ampli?er component to generate an 
RF signal representative of the received complex digital 
input signal. 

16. A Wireless communication unit comprising: 
at least one digital signal processing module arranged to: 

receive a complex digital input signal; 
successively apply pre-distortion to the received com 

plex digital input signal With a progressively ?ner 
granularity; 

simultaneously progressively increase a sampling rate 
of the received complex digital input signal; and 

output a ?rst, in-phase digital control Word and a second, 
quadrature, digital control Word; and 

at least one digital poWer ampli?er component arranged to 
receive the ?rst, in-phase digital control Word and a 
second, quadrature, digital control Word that control a 
generation of an RF signal representative of the received 
complex digital input signal. 

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

receiving a complex digital input signal; 
successively applying pre-distortion to the received com 

plex digital input signal With a progressively ?ner granu 
larity; 

simultaneously progressively increasing a sampling rate of 
the received complex digital input signal; and 

outputting a ?rst, in-phase, digital control Word and a sec 
ond, quadrature, digital control Word for controlling at 
least one digital poWer ampli?er component to generate 
an RF signal representative of the received complex 
digital input signal. 

* * * * * 
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