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ABSTRACT

Radio frequency (RF) power amplifiers (PAs) repneshe most challenging
design parts of wireless transmitters. In ordebéomore energy efficient, PAs should
operate in nonlinear region where they producedisn that significantly degrades the
quality of signal at transmitter's output. With then of reducing this distortion and
improve signal quality, digital predistortion (DPDychniques are widely used. This
work focuses on improving the performances of DRDsnodern, next-generation
wireless transmitters. A new adaptive DPD basedroiterative injection approach is
developed and experimentally verified using a 4@hal. The signal performances at
transmitter output are notably improved, while pneposed DPD does not require large
digital signal processing memory resources and coatijpnal complexity. Moreover,
the injection-based DPD theory is extended to hdiegble in concurrent dual-band
wireless transmitters. A cross-modulation problepecsfic to concurrent dual-band
transmitters is investigated in detail and noveDDO#ased on simultaneous injection of
intermodulation and cross-modulation distortion ducts is proposed. In order to
mitigate distortion compensation limit phenomenal anemory effects in highly
nonlinear RF PAs, this DPD is further extended emhplete generalised DPD system
for concurrent dual-band transmitters is develogeis. clearly proved in experiments
that the proposed predistorter remarkably improtes in-band and out-of-band
performances of both signals. Furthermore, it dossdepend on frequency separation
between frequency bands and has significantly lovegnplexity in comparison with

previously reported concurrent dual-band DPDs.
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1. INTRODUCTION

There are two persons without whom today’s moderel@éss communications
would have never been possible, the first one bHikgla Tesla, the second one being
Claude Shannon. On the one hand, it was Nikolaalwhkb invented the radio and thus,
for the first time, introduced us to the idea toreMssly transfer communication
messages [1.1]. On the other hand, Claude Shanhowesl us how to transmit
information through a channel reliably by descripimis theory in “A Mathematical
Theory in Communication” [1.2]. This work was fungental for modern, stable
communication.

Wireless communications represent one of the meatldping areas nowadays.
Moreover, the main trend in the future will be pidaincrease in network capacity
requirements by users. As can be seen from Ciesgdst, shown in Figure 1-1, mobile
data traffic will grow exponentially in the nextweyears [1.3]. On the whole, mobile
data traffic is expected to grow to 11.2 exabytesmonth by 2017. This is a 13-fold

increase over 2012.

EXEbFfES per Manth EE% CﬁGR 2'}12"20‘1?

12
11.2EB

14 EB

6
4.7 EB
28EB I
1.6 EB
0.9 EB
, I

2012 2013 2014 2015 2016 2017

Source; Cisco VNI Mobile Forecast, 2013

Figure 1-1: Cisco Forecasts 11.2 Exabytes per Month of Mdbdéa Traffic by
2017 [1.3]
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High capacity requirements require radio networkitsans that have improved
energy-efficiency. These energy-efficiency improeents without enduring the loss of
signal quality are becoming an emerging goal of ileobperators and equipment
designers. Energy cost accounts for as much a#f afrmobile operators’ operational
expenses. Not only are solutions that improve epefficiency environmentally
friendly, but they support sustainable, profitabiesiness as well [1.4]. A lot of energy
is consumed every year by the telecom infrastresturThe global Information
Communication Technology (ICT) industry accounts dbout 2% of the total human
CO2 footprint [1.5], [1.6]. Of that 2% CO2 emissjdd0% are accounted for by the
world-wide telecom infrastructures and devices.eayal block diagram of Radio Base

Station (RBS), an essential part of mobile netwprlss shown in Figure 1-2.

< Sign?'l H//Eé/\;/lllois
reception ~Amplifier g
)
Baseband _ _____________ 5 ANT
part | E)
| Signal A
: transmission
I
e e e o e

Figure 1-2: General block diagram of a radio base station

However, RBSs consume most of the powidre main question is where this
power goes. Figure 1-3 shows the energy consumpgotaining to the different parts
of a RBS [1.7]. From this figure, it is clear that Power Amplifie(RAs) are the
heaviest energy consumer in RBSs, consuming maue tiree quarters of the total
power. On one hand, in order to achieve high @fficy and saving energy, PAs need to
work in the highly nonlinear peak power regime. @@ other hand, in that regime, PAs
exhibit nonlinear distortion that creates problemkated to preserving high signal
quality [1.5].

PhD Thesis Page 2
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m Power Amplifier 50-80%
Power Supply 5-10%
m Signal Processing

(Analog+Digital) 5-15%
m Air Conditioning 10-25%

Figure 1-3: Radio base station energy consumptio7].

Modern, emerging mobile radio systems such as Wideband Quision
Multiple Access (WCDMA), High Speed Packet Acc(HSPA), 3GPP Lor-Term
Evolution (LTE), and Mobile Worldwide Interoperabjl for Microwave Acces:
(WiMAX), which all require radio transceivers able support high data rates a
throughput, have strong linearity requirements8]-[1.11]. A lot of challenges for
researchers and transmi-design engineers in Vendor Companies have
introduced by utilizing hig-capacity modulation schemas and multiple ac
techniques in transmitter desi The biggest problem during the transmitter desg
PA. The high linearity of PA, high output power angyt power efficiency ar
conflicting requirements. One can see from FigL-4 that the PA must operate ir
near saturation region to satisfy the exacting irequents on spectrum and pov
efficiency [1.12]{1.14]. However, the PA that amplifies the wideband aigrwith high
peak to averageopver ratio (PAPR)produces high distortion level in that regi
Aiming at solving th efficiencydinearity dilemma, one of the main trends in theige
of wirelesstransmittes remains to provide enhancedrsmitter functionalities utilisir

digital signal processing (DSF

PhD Thesis Page 3
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/7

Ideal PA behaviq/

/ Real PA behavior

/ — "~ saturation

’— P1dB Highest efficiency
Strongest distortion

Output power

//(inear region
Y~ Low efficiency

Free distortion

A\ 4

Input power

Figure 1-4: The transfer characteristics of an ideal and bp@aer amplifier

1.1. Overview of Recent Research

Current state-of-the-art linearisation techniquesude feed-forward [1.15], RF
feedback [1.16], and RF-based predistortion [1.&R}pngst them digital predistortion
(DPD) implemented into DSP is the most cost efiectmethod [1.18]-[1.23].
Functional block diagram of digital predistorter Saown in Figure 1-5. The DPD
linearisation techniques for different wirelesssmitters will be described in detail in
Chapter 3. These techniques minimise the outpubrtien and reduce spectrum
regrowth, and at the same time maximise powerieffey by digitally pre-processing
the input signal in order to achieve a highly lineserall transfer function. However,
current DPD solutions have a high computational mlexity of predistorter design as
well as high complexity and numerical instability @PD model identification. These
problems can be mitigated by employing novel adedrgignal processing techniques
based on injections of distortion products in thasdband block. The proposed
approaches applied in adaptive 4G single inputlsiogitput (SISO) and concurrent
dual-band transmitters notably improve output digmaality and reduce high DSP
computational complexity of DPD, which is the magiroblem of the state-of-the-art

DPD solutions. Moreover, the proposed solutionsiodern wireless transmitters have
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many additional advantages in comparison with esly reported DPDs. These

advantages will be discussed in detail in this Bid3is.

Xin Xdpd Xout
——— DPD —»

Figure 1-5: Functional block diagram of digital predistortifor power amplifiers

1.2. Aims and Objectives of the Research

The main goal is to develop the DPD technique wlielm deal with PA
nonlinear distortion in modern wireless transm#tesuch as 4G SISO and multiband
transmitters. In addition to PA nonlinear distontienultiband and multi-branch MIMO
transmitters have other side effects that reseest@mgineers should be aware of.
Cross-modulation (CM) as a most dangerous problpetic to multiband (multi-
frequency MIMO) and nonlinear crosstalk specifiontalti-branch MIMO transmitters
will be investigated in detail. The entire PhD padjis comprised of two major parts: to
develop adaptive and low-complexity DPD techniqoe4G SISO transmitters and to
extend current DPD theory to be applicable in rbaltid wireless transmitters. These
goals will be achieved by analysing existing salns, studying phenomena that limit
their functioning and developing methods to overeothem. Accomplishing these
goals will result in improving the in-band and aitband performances of transmitting

signals with significantly lower complexity of DPD.

1.2.1. Aims

This thesis has the following aims:

» Distortion analysis and behavioural modelling ofmMeo amplifiers in modern
wireless transmitters such as 4G SISO, multi-fragyeand multi-branch
MIMO transmitters
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1.2.2.

Theoretical development of novel adaptive DPD sotutfor 4G SISO

transmitters

Practical implementation and experimental validataf the proposed digital

predistortion method using 4G signal and real pcaveplifier.

Theoretical development of the new DPD theory fonaurrent dual-band

transmitter

Practical implementation of the new digital predisbn method for concurrent
dual-band wireless transmitters and its validabonexperimentally emulated

concurrent dual-band transmitter’s test-bed.

Objectives

The individual research objectives to achieve treses can be summarised as

follows:

Investigation of several approaches for behaviounadelling of RF power

amplifiers for the development of digital prediston systems

Investigation of different adaptation methods tadfithe best compromise
between accuracy and complexity for overcoming aeafion in linearity of PA

caused by variations in environmental conditions
Providing a comparative overview of existing digpeedistortion techniques

Detailed investigation of digital predistortion kdson baseband injection of

distortion components

Providing a literature overview of recent advancetseén the area of concurrent

dual-band DPD and revealing the unresolved problertiss field.

Setting up the experimental test-bed for developmsgwell as testing new
predistortion methods. Setup contains two real paaveplifiers such as Mini
Circuits ZFL-500 and CFH 2162-P3, Agilent ESG-D i8grSignal Generator
E4433B, Agilent MXG Vector Signal Generator N5182Xgilent VSA Series
Transmitter Tester and finally, MATLAB, ADS, Agiléesignal Studio Toolkit,
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Agilent Distortion Suite 89604 and Agilent VSA 836@&oftware as software

tools

7. Creating LAN and GPIB connections between PC amgtruments: ESG
E4433B, MXG N5182A and VSA Series Transmitter Te$te faster offline
and online data processing and developing of adamystem that require all

components of experimental test bed to be connected

8. Studying the nonlinear analysis of different poveenplifiers and applying
models for distortion behaviour analytical prediatiin different types of

wireless transmitters

9. Developing of new adaptive nonlinearity compensati@chnique for 4G
wireless transmitters with online prediction of A& distortion behaviour and
calculating the predistorter parameters

10. Experimental verification of this technique

11.Developing baseband injection methodology appledior concurrent dual-

band transmitters

12. Theoretical derivation of the fundamental frequenwdel for concurrent dual-

band transmitters

13. Studying the impact of each IM and CM distortiormgmnents by means of
baseband simulation analysis

14.Developing of the new DPD using the simultaneoysciion of IMs and CMs

based on derived fundamental frequency model
15. Experimental validation of this DPD

16.Investigating computational complexity and linegugs performances of the
proposed DPD technique

17.Studying memory effects of power amplifiers, thieifluence on distortion as

well as their influence on the performances oftdigiredistortion
18. Quantifying PA memory effects by concurrent twoedast

19. Studying distortion compensation limit phenomenaconcurrent dual-band

transmitters and proposal for overcoming this pinesica
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20.Experimental verification of complete linearity emtement architecture using

different signal sets and highly nonlinear PA eilimemory effects

21.Comparative review of this work with recent works concurrent dual-band

wireless transmitters

1.3. Outline of the Thesis

Recent expansion of wireless and mobile technotogvéh high data rates
imposes more stringent requirements on electroewcds. High linearity of wireless
transmitters is a key goal in order to provide sseith required quality and range of
services. As it was mentioned previously, efficenand linearity of wireless
transmitters are mutually exclusive characteristids®e common way of dealing with
this is to enhance the efficiency at the priceimédrity and to provide linearisation by
an external unit. Therefore, linearisation of diffet types of wireless transmitters has
become one of the main concerns for the designgbf$peed wireless communication
systems. This research work focuses on the topidinefarising modern wireless
transmitters such as 4G SISO and concurrent duad-bansmitters by injection-based
DPD methods implemented using DSP, which are dbstteve, easily integrated and
highly efficient. The thesis presents the work ie@rout over the period of three years
aimed at contributing to the development of 4G d®yond-4G mobile wireless

technologies.

Chapter 2 covers the system parameters of RF R¥ekhss PA memory effects
and evaluation of PA behavioural modelling. The mmaignal quality metrics to
guantify in-band and out-of-band signal performanaes also presented. Orthogonal
frequency division multiplex (OFDM) as a basis oéxh generation wireless
communications systems is explained. Some of thaufes of 4G LTE important for
the thesis topic are reviewed. Also, other effélotd cause distortion such as crosstalk
specific to multi-branch MIMO transmitters as wek cross-modulation specific to

multi-frequency MIMO transmitters are introducedlahiscussed.

Chapter 3 presents a comparative overview of exjsDPD linearisation

techniques including the LUT-based DPD, Volterradzth DPD, memory polynomial
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DPD and DPD based on artificial neural networks KBANThe theoretical concept,
main advantages and drawbacks of each DPD arenpeesand discussed. The most
commonly used DPD extraction architectures sudfirast learning architecture (DLA)
and indirect learning architecture (ILA) are depcin the Chapter. The extensions of
DPD approaches to be applicable in multi-branch anditi-frequency MIMO
transmitters are depicted also. The recent devedopsnand existing problems in the

area of DPD linearisation have been highlighted.

Chapter 4 overviews state-of-the-art linearisatechniques based on injection
of distortion products. The main focus of the Claps on digitally implemented
baseband injection-based techniques, especialliecdmique based on IM3 and IM5
injections as well as technique based on iteratiyection approach. The injection-
based methodology is a basis of the original dgreknts of the thesis presented in
Chapter 5, 6 and 7.

The adaptive, low-complexity DPD for 4G SISO wisdetransmitters is
introduced in Chapter 5. The PA linearisation ésndnstrated by means of this DPD
based on iterative injection of the in-band distoricomponents. This method has three
important advantages. First, it uses real muli@ians and real additions only and
avoids complex Volterra, LUT or polynomials for tioearity compensation. Second,
in contrast with existing injection-based DPD, teehnique uses adaptive architecture,
and therefore, is adaptive to the variation of RP#lmear transfer function in real
environmental conditions. The nonlinear PA modetraotion method based on
AM/AM least-squares polynomial regression approxiorais explained and used in
experimentsThird, the proposed DPD is verified experimentakyng more than 10 dB
peak-to-average power ratio (PAPR) 5-MHz downlinkng Term Evolution (LTE)
signal. This is the first time that one injectioaskd technique is experimentally
verified using a high PAPR signal such as real LSignal. Also, this is the first

adaptive, injection-based DPD.

Chapter 6 presents the proposed memoryless dpgidistortion technique for
concurrent dual-band transmitters based on simedtas injection of IM and CM
distortion components. The theoretical concepthef proposed DPD technique and

verification of its feasibility and linearising germances by experiments are presented
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in this Chapter. It has been demonstrated theriseg@on of low-power ZFL-500 PA in
experimentally emulated concurrent dual-band tratbemusing this new 2-D DPD.
The mathematical model of the proposed techniquedasived for fifth-order
polynomial. The PA nonlinear characterisation imgg band and concurrent dual-band
transmitter mode is described and discus$bd. advantage of the proposed approach is
its simplicity in comparison with state-of-the-afurthermore, the performances of the
proposed DPD architecture do not depend on frequeaparation between bands in

concurrent dual-band transmitter.

In Chapter 7, the proposed technique describechapt@r 6 is further extended
and new advancements are introduced. The techngydarther generalised to any
degree of nonlinearity. Also, an initial injecti@approach presented in Chapter 6 is
extended to generalised iterative injection apgrosc Chapter 7, which is used to
overcome distortion compensation limit phenomena&ancurrent dual-band wireless
transmitters caused by initial injection. In othesrds, the proposed approach is based
on simultaneous iterative injection of the in-bdMdand CM products. Moreover, in
comparison with memoryless ZFL-500 PA, it is shawmexperiments that CFH 2162-
P3 PA exhibits memory effects that degrade theop@idnces of the proposed DPD at
the output of concurrent dual-band transmitter. TOEH 2162-P3 PA nonlinear
characterisation in single band and concurrent-daati mode are presented. The
presence of memory effects are detected by contdutwe-tone test, which is also
described in this Chapter. These memory effectsramémised in frequency domain by
using baseband symbol adjustable normalised invesseparameter parallel
multiplication. As it will be described, this prab#re is done separately for both bands
of concurrent dual-band transmitter. The experimeare done using different signal
sets (LTE 1.4 MHz, LTE 3 MHz and LTE 5 MHz at 88(H¥l and WCDMA at 2.14
GHz). To sum up, this Chapter brings theoreticatkgeound and experimental
verification of the complete DPD system named “Mé&malised Linearity Enhancement
Architecture for Concurrent Dual-band Transmitterslumerous advantages of the
proposed DPD in comparisons with previously regbdencurrent dual-band DPDs are
discussed in detail.
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Chapter 8 presents the overall conclusions of ésearch work, including the
thesis summary, original contributions to knowledflowed by the potential

directions for the future work.
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2. Nonlinear Distortion in Power Amplifiers for Wireless
Transmitters

2.1. Introduction

This Chapter describes the main system paramefergireless transmitters
specific for the transmitter's most challenging ddosuch as PA. The main signal
quality parameters and the PA modelling metricdinme and frequency domain are
overviewed in this Chapter. Moreover, OFDM as aidasf modern wireless
communications and 4G LTE technology are brieflesgnted because the PA
nonlinear behaviour problems are much more notleeab 4G in comparison with
previous generations. This Chapter also introduness-generation wireless transmitters
such as multi-branch and multi-frequency MIMO trantsers. The Crosstalk and
Cross-modulation are transmitter design problenesifip for these wireless transmitter
types. These problems and their impacts on theubsignal degradation are explained
in this Chapter.

2.2. PA System Parameters

The following subsections bring the definitions tife main PA system

parameters [2.1], [2.2].

2.2.1. Gain

The gain of a PA is the ratio of the output poweetite input power. It is usually
expressed in decibels (dB) with the following rielat

P
G(dB) = 101log I;’“t

mn

(2.1)
whereP,, is the input power and,,,; is the output power.
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2.2.2. Bandwidth

The bandwidth of the power amplifier is the ran@érequencies for which the
power amplifier delivers acceptable performanceidally, the bandwidth is defined as
the difference between the lower and upper halfgrguoints and is also called 3-dB
bandwidth (Figure 2-1).

0dB
-3dB
B
fi fo f1 f

Figure 2-1: 3-dB bandwidth of the PA

2.2.3. Power efficiency

Power efficiencys the metric to quantify the ability of a systemrttansform the
given input power to useful output power. The nmsiver-consuming component of a
wireless transmitter is the PA. Therefore, the BAominant component in determining
the overall power efficiency of a wireless trangerit There are three different
definitions of power amplifier efficiency in litetare, which are total efficiency, drain
efficiency, and power added efficiency [2.1].

Pouyt

Total efficiency is definedasn, = —=
dcT8in

, Wheren, is the total efficiency of the PA,

P;., P, and P,,, are the DC and RF powers at the input and outpuh® PA,

respectively.

. .. . . P ;
Drain efficiency is defined as), = =222 wherePy. prqin @Nd Prr prqin are the

Pdc Drain

DC and RF powers at the drain level of the traosist
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Poyt—P;

Power added efficiencyis defined as)p, r = P—" , Wherenp 5 is the total power
dc

added efficiency of the PA,;., P;, andP,,; are the DC and RF powers at the input

and output of the PA, respectively.

2.2.4. P1dB Compression Point

The typical PA input-output and gain charactersstice shown in Figure 2-2.
The 1dB compression point (P1dB) is a measure ofliRéarity. The gain of an
amplifier compresses when the output signal lem&rs the compression region before
it reaches saturation. Higher output power corredpdo a higher compression point. It
is an input (or output) power for which the gaintloé PA is 1 dB less than the small-
signal gain (ideal linear gain).

The maximum saturation point corresponds to thatpehere the PA reaches its

maximum output power. This maximum power is catlegl saturation POWeq¢[max]-
The 3 dB saturation powe; 45 corresponds to the power for which the gain of the

PA is 3 dB less than the small-signal gain.

2.2.5. Third Order Intercept Point (IP3)

Figure 2-3 brings graphical derivation of second #mrd order intercept points.
The third order intercept point (IP3) is a widelged metric in PAs, which gives
information about the linearity of an amplifier.PAgher IP3 means better linearity and
lower distortion generation. It is the theoretipaint at which the desired output signal
and undesired third-order IM signal are equal wrele considering an ideal linear gain
for the PA. The theoretical input point is the ihfe3 (1IP3) and the output point is the
output IP3 (OIP3).
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Figure 2-2: The input-output and gain characteristics of a PA
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Output
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Figure 2-3: The second and third order intercepts points

2.2.6. Power Back-off

The power back-off is defined as the ratio betwi#enPA’s saturation power to
the RF signal’'s mean power. There are three typgower back-off: input back-off,
output back-off and peak back-off [2.1], [2.2]. Tibeck-off at the input of the PABO)
is obtained by:

IBO(dB) = Pi,sat - Pi,mean (2-2

where P; ;¢ andP; .4, are the saturation power and mean signal powteanput of

the PA, respectively. Similarly, the back-off a¢ thutput of the PAOBO) is given by:

OBO(dB) = Py sat — Pomean (2.3)

whereP, i, andP, .., are the saturation power and mean signal powtireabutput
of the PA, respectively.
Finally, the Peak Back-OffPBO) is given as follows:

PBO(dB) = Po,sat - Po,peak (2.4)
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This is the ratio of saturated output powey ;) to peak output powerf eqi). It

should be noted that an increase of the back-ofeases the linearity of the PA and

vice versa.
Pout(d B m)
A
PBO
[ OBO
PAPR
Po, sat \ 4 X P o
Po, peak 7N +
Po, mean 4 Y
Pi, mean P peak Pin(dBm)

Figure 2-4: The output back-off, peak back-off and peak-torage power ratio for
power amplifiers

2.2.7. Peak to Average Power Ratio (PAPR)

A very important signal parameter in terms of lmiyais signal's peak-to-
average power ratio (PAPR), which is the ratio leetwthe peak powet,.,, (related
to peak amplitude) and the average powgf,, (related to mean amplitude) of a

signal. It is also called the crest factor andive by [2.1]:

2 P ea
PAPR(dB) = 10log (g;tl((la(g)”z))) = 10log (P:wal:l)

(2.5)

As shown in Figure 2-4, when the power is logaritaity transformed in dBm, the

PAPR is the difference between signal peak andagegpowers.
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2.3. Memory Effects

Memory effectscan be explained as time lags between amplitude/&AMN and
phase (AM/PM) responses of PA [2.1]. Electrical &mefmal are two types of memory
effects. The electrical memory effects are dominanwideband systems and they are
produced by poor gate and drain decoupling in F&EJ lzase and collector decoupling
in BJT. Also, they are generated by non-constargguency-dependent envelope
impedances within frequency bands of interest. fithe response of power amplifiers
with memory depends not only on the instantaneopsatisignal, but on the previous
inputs as well. These memory effects result inftaguency-dependent gain and phase
shifts of the signal passing through the PA. Cousatly, the memory effects cause
distortion of the output signal and result in IMByenmetry. The presence of memory
effects also degrades the performances of DPD.

The two-tone measurement was proposed in [2.3]vaddly used to evaluate
PA memory effects [2.4]-[2.6]. The amplitudes ofvkr and upper intermodulation
distortion were measured. The PA that exhibits nmgnedfects causes an imbalance
between lower and upper IM3, lower and upper IMB, &ypical IMD characteristics

of the highly nonlinear, high-power PA with memafyects are shown in Figure 2-5.
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Figure 2-5: Typical IMD characteristics of the PA with memaffects evaluated using

two-tone tests with different tone spacing

In this thesis, the PA memory effects in much mmeplex, concurrent dual-
band transmitters are evaluated and compensatesl.wilh be described in detail in

Chapter 7.
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2.4. Signal Quality Parameters

2.4.1. Spectrum Regrowth

The spectrum regrowth is the energy from the maddlaignal that spreads into
adjacent channels due to the PA nonlinearity. it ba defined at different offset
frequencies from the operational carrier frequeaicgt is measured in decibels relative
to the carrier (dBc). Typically, the spectrum regtio is measured at the offset
frequency from the carrier equal to the half of milated signal bandwidth, or
sometimes 1.5 times the half of signal bandwidthhe Tspectrum regrowth
improvements at the output of PA at lower and ummjacent bands are graphically

demonstrated in Figure 2-6.
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Figure 2-6: Improvements in spectrum regrowth in lower andasguljacent channels

2.4.2. Adjacent Channel Power Ratio (ACPR)

The adjacent channel power ratio (ACPR) is onédhefrhain figures of merit in
the evaluation of IM distortion performance of RRSP It is a measure of spectrum
regrowth that appears at the signal adjacent bah@G®R is defined as the ratio of

power in a bandwidth adjacent to the main charméhé power within the main signal
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bandwidth. The ACPR for the right side of the powpectrum density (PSD) can be
defined as [2.1]:

B
fctHAf+=
I oap8 PSD(AS
ACPR(right) = ——2

fet
I8 PSD(Pdf

(2.6)

Similarly, the ACPR for the left side of the PSDhdze obtained as:

B

fc_Af+_
I, 5 PSDf
ACPR(left) = ——22

fets
[ ¢ PSD(f)df
€2

2.7)

where f, is the carrier frequencyg is the bandwidth of the modulated signal, and

PSD(f) is the power spectrum density at frequeficy

2.4.3. Error Vector Magnitude (EVM)

The in-band signal quality can be analysed baseiisagrror vector magnitude
(EVM) measurement in time domain. The EVM is a canmmetric for the fidelity of
the constellation of information symbols. This isneeasure of how far the actual
(measured) points are from the ideal locations][2lh other words, the EVM is the
ratio of the power of the error vector to the powethe reference vector related to the
ideal constellation. The EVM can be defined in tets (dB):

P
EVM(dB) = 1010g10( e”‘”)
Pideal

= 101log (mean ((Ia“ual — ligean)® + (Quctuar = Qideal)2>>
= 10

2 2
Iideal + Qideal

(2.8)
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or in percentage (%):

P
EVM(%) = /ﬂ * 100%
Pideal

whereP,,..,, andP;;.,; are the power of the error vector and highest pgeet in the

(2.9)

reference signal constellatiohg.,; and Q;4..; are the ideal in-phase and quadrature

signals, and,.;yq; andQ,.ua are the transmitted in-phase and quadrature signal

2.5. Performance Evaluation of PA Modelling

The PA behavioural modelling is one of the crustaips in developing of DPD
with satisfied linearisation performances [2.7].r Rbe quantitative measure of an
accuracy of the PA behavioural modelling, a mearasef error (MSE), a normalised
mean squared error (NMSE) and an adjacent chamroel gower ratio (ACEPR) are
typically used [2.8]. MSE and NMSE are used as @mu metrics in time domain,
whereas ACEPR is used in frequency domain.

2.5.1. Mean Squared Error

The simplest metric used to assess the accuratheathosen PA mathematical
model is MSE defined as:

K

1

MSE;g = 101log;, (Ez |Ymeas(m) — yest(n)|2>
n=1

(2.10)

wherey,,..s andy,,; are the measured and estimated output waveforsygctvely,

andK is the number of samples of the output waveform.
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2.5.2. Normalised Mean Squared Error

The second time-domain metric is NMSE defined as:

K ) — D12
NMSE;p = 10logqo <Zn—1|ymeas( ) Yest( )] )

Zrli:llymeas (m)|?
(2.11)

where, similarly as in MSEy,,..s and y.,; are the measured and estimated output

waveforms, and is the number of samples of the output waveform.

2.5.3. Adjacent Channel Error Power Ratio

As a measure of accuracy of PA behavioural modefrequency domain,
ACEPR is widely used. It can be defined as maxinuirboth lower and upper band
ACEPR:

f i |Ymeas(f) - Yest(f)lz
(adj)m
ACEPR = max
m=12 fchlymeas(f)lz
(2.12)
or as an average ACEPR:
ACEPR = l flE(fNdeloweT adj ch + flE(f)lzdfupper adj ch
2 lemeas(f)lzdfch
(2.13)

whereYy,.q.s(f), Yes: (f) andE(f) are the discrete Fourier transformsyof..s, Vest

and the error signal(n), defined as

e(m) =y, ..M — ¥, (. (2.14)

PhD Thesis Page 24



Digital Predistortion of RF Amplifiers Using Basetghinjection for Mobile Broadband Communications
2.6. OFDM Modulation System

Orthogonal frequency-division multiplexing (OFDM$ ia basis of modern
wireless communications. Using OFDM based signetéch have high PAPR, brings a
lot of challenges for researchers and engineers iBhmainly because the PA that
amplifies such high PAPR signals causes very higlodion level at the output of
transmitter.

OFDM is realised using spectrum overlapping conoepere each substream is
transmitted through a separated subcarrier [2219][ Substreams are orthogonal and
they can be separated in demodulator. OFDM is impteged using an inverse fast
Fourier transformation (IFFT) on transmitter sidedaFFT on receiver side. It also
contains a cyclic prefix. OFDM is basically a mcétirier modulation technique. The

centre frequencies of the overlapping channels are:
fo=f.+iAf , i=0,...N—1 (2.15)

wheref. is carrier frequency. The data rate for each se@st isN times lower than the
data rate of initial stream. The modulated sige#ted to all subcarriers is presented
as:

s(0) = TN sig(D)el2mdfteiGnictto (2.16)

where g(t) is the pulse-shaping filtes; is the complex symbol associated with

subcarrier,; is the phase of théth subcarrier and\f = 1/TN. The subcarriers

e/ @n(fetibfIt+o) provide a set of orthogonal basis functions oher ®FDM symbol
interval Ty.

OFDM implementation using IFFT and FFT is showrFigure 2-7. The input
data is first de-multiplexed into N parallel subsims. Each substream is then mapped
to a real or complex symbol stream using some nadidul constellation, e.g., QAM.
An IFFT is computed on each set of symbols, givanget of complex time-domain
samples [2.1]. These samples are then up-convedepasseband. The real and
imaginary components are first converted to thelogne domain using digital-to-
analogue convertors (DACs). These analogue sigralshen used to modulate cosine
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and sine waves at the carrier frequeficyrespectively. Finally, these signals are
summed and amplified to give the transmission $jgt3.

Digital signal processing
(Baseband)

:: ) { vin(t)

Transmitter Front-End

Input
bits

\
PA

Transmitter /_/ 63_’

Local Oscilator

e ®J s(t)
Channel

| -
— ] — % AD ﬂ“@ )

Outpu —f — — ‘

bits Vout(h Receiver — |
Local Oscilator \w J

<« Q% AD WH@

Digital signal processing
(Baseband) Receiver Front-End

Mapping
}
S/P
IDFT
P/S
\

DFT
S/P

P/S
Decoding

Figure 2-7: Block diagram of OFDM transmitter and receiver

The receiver pick up the signa(t), which is then down-converted to baseband
using cosine and sine waves at the carrier frequerius also creates signals centred
on 2f., so low-pass filters are used to reject these atedasignals. The baseband
signals are then sampled and digitised using aoelbgrdigital convertors (ADCs). In
order to convert these signals back to the frequelotnain, FFT is utilised. After this
FFT procedure, N parallel streams are obtainedy Hne converted to a binary stream
using an appropriate symbol detector. These stresenthen re-combined into a serial
stream, which is an estimate of the transmittedrimation stream.

Due to the dispersive effects of the radio chanine&tysymbol interference (ISI)
of the adjacent OFDM symbol degrades the bit eate (BER) performances. A cyclic
extension is appended to the OFDM symbol to comgien®r ISI. The cyclic prefix
(CP) is typically created by copying the end of @€DM symbol and placing that copy
at the beginning of the symbol, for every symbdheTength of the CP is selected
according to the impulse response of the radiomdld2.1], [2.9].

2.7. LTE Technology

The LTE radio transmission and reception specibeat for the UE and the
eNodeB RBS are documented in [2.10].
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2.7.1. Transmission Bandwidths

LTE must support the international wireless marketl regional spectrum
regulations and spectrum availability. The speatfans include variable signal
bandwidths selectable from 1.4 to 20 MHz, with suber spacing of 15 kHz.
Subcarrier spacing is constant regardless of tireakbandwidth. 3GPP has defined the
LTE radio interface to be adaptable to differergnal bandwidths with minimum
impact on system operation [2.11].

The smallest amount of resource that can be a#ddatthe uplink or downlink
is called a resource block (RB). An RB is 180 kHmevand lasts for one 0.5 ms
timeslot. For standard LTE, a RB includes 12 sulearat 15 kHz spacing. Optionally,
if 7.5 kHz subcarrier spacing is utilised, a RB @oives 24 subcarriers for 0.5 ms. The
maximum number of RBs supported by each transnrmdsamdwidth and the minimum
total power dynamic range of different LTE signafe given in Table 2-1. The PAPR
of the signal is one half of its dynamic range aticectly depends on the signal
bandwidth and the number of allocated resourcekiIfiz.12].

TABLE 2-1: Transmission bandwidth configuration

Signal bandwidth (MHz) 1.4 3 5 10 15 2(

W

Transmission bandwidth configuration (RB) 6 15 25 50 75 10

Total power dynamic range (dB) 7.7 11.7 91316.9 18.7 21)

2.7.2. Supported Frequency Bands

The LTE specifications include all the frequencyndb& defined for UMTS,
which is a list that continues to grow. There ateFDD operating bands and 8 TDD
operating bands listed in Table 2-2. There is niseasus on which LTE band will first
be deployed, since the answer is highly dependenkocal variables. This lack of
consensus is a significant complication for equipimagesigners and manufacturers.
This is in contrast with the start of GSM and WCDM#hen both were specified for
only one band. What is now established is that mag no longer assume that any

particular frequency band is reserved for any radicess technology [2.11].
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TABLE 2-2: E-UTRA operating bands

Uplink (UL) Downlink (DL)
E-UTRA operating band operating band
operating RBS receives RBS transmits Duplex mode
band UE transmits UE receives
Fyr 1ow — FuL high Fpr 1ow — Fpi_high
1 1920-1980 MHz 2110-2170 MHz FDD
2 1850-1910 MHz 1930-1990 MHZ FDD
3 1710-1785 MHz 1805-1880 MHz FDD
4 170-1755 MHz 2110-2155 MHz FDD
5 824-849 MHz 869-894 MHz FDD
6 830-840 MHz 875-885 MHz FDD
7 2500-2570 MHz 2620-2690 MHz FDD
8 880-915 MHz 925-960 MHz FDD
9 1749.9-1784.9 MHz 1844.9-1879.9 MHZ FDD
10 1710-1770 MHz 2110-2170 MHz FDD
11 1427.9-1452.9 MHz 1475.9-1500.9 MH2 FDD
12 698-716 MHz 728-746 MHz FDD
13 777-787 MHz 746-756 MHz FDD
14 788-798 MHz 758-768 MHz FDD
17 704-716 MHz 734-746 MHz FDD
33 1900-1920 MHz 1900-1920 MHz TDD
34 2010-2025 MHz 2010-2025 MHz TDD
35 1850-1910 MHz 1850-1910 MHz TDD
36 1930-1990 MHz 1930-1990 MHz TDD
37 1910-1930 MHz 1910-1930 MHz TDD
38 2570-2620 MHz 2570-2620 MHz TDD
39 1880-1920 MHz 1880-1920 MHz TDD
40 2300-2400 MHZ 2300-2400 MHZ TDD

2.8. Multi-branch and Multi-frequency MIMO Transmitters

Multiple-input multiple-output (MIMO) is a promising technique thaan
improve the spectrum efficiency of wireless systése® [2.13] and references therein).
In fact, MIMO techniques can increase data rateserage of service area as well as

communication reliability. Moving from single-inpwingle-output (SISO) to MIMO
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communication systems could theoretically multigtg capacity of the system or the
system data rate by the number of outputs integjiatéhe MIMO transceiver. Majority
of wireless systems have been reconsidered regatdenusage of MIMO. Its MIMO
feature is intended for high-speed applications, iagovers both space-time codes and
spatial multiplexing [2.1], [2.13]. In order to irease the data rate, MIMO is also
utilised in 4G LTE standard.

The conventional definition of MIMO is that of astgm with multiple inputs
and multiple outputs. This definition is extended/Nireless communication topologies
in which multiple modulated signals, separated pace or frequency domain, are
simultaneously transmitted through a multiple/senigtanch radio frequency (RF) front-
end [2.14].

MIMO systems, with modulated signals separatedpace domain, refer to
wireless topologies with multiple branches of Rntrends, with all branches
concurrently utilised in signal transmission. Thiégees of MIMO systems are named
Multi-branch MIMO systems [2.14].

MIMO systems, with modulated signals separateadequency domain, refer to
systems where multiple signals modulated in difierearrier frequencies are
simultaneously transmitted through a single braREHront-end. These types of MIMO
systems are namehllulti-frequency MIMO systems. Typical examples of multi-
frequency MIMO systems are concurrent dual-bandrantii-carrier transmitters. The
system in frequency domain comprises two independ@seband signals as the
multiple inputs and two up-converted and amplifsgghals at two carrier frequencies as
the multiple outputs. This type of MIMO system usesingle branch RF front-end to
transmit multiple signals separated in frequenayaio [2.14].

2.8.1. Distortion in Multi-branch MIMO Transmitters

In addition to possibly increasing the data rateheat additional spectrum
resources, multi-branch MIMO topology introduces mamous implementation
challenges, which can be categorised into two ggodje first group are problems
related to general transceiver design, such asrmer linearity, receiver dynamic
range, and imbalance and leakages in mixers, analispecific to MIMO systems. On
the transmitter side of 2 xr@ulti-branchMIMO systems shown in Figure 2-8, there are

two independent RF chains including PAs. As it was meed previously, PAs have
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nonlinear characteristics in general, which leadsvb major problems: one is spectrum
regrowth, and the other is in-band signal distortibhe former can cause an increase of
inter-channel interference, and the latter can atkgysignal quality at transmitter output
and therefore, bit error rate (BER) performanctnatreceiver side.

DUAL-INPUT TRANSMITTER T

1 > > PA1
LPF ka
OUTPUTS
INPUTS B
N ]
[ Lo ]
— DESIRED
SIGNAL
A 4 +
2 > LPF ‘\XJ > PA2
] LINEAR
CROSSTALK
+
) /TH\ _ NONLINEAR
-1 I CROSSTALK

Figure 2-8: Dual-input wireless transmitter for 2x2 MIMO comnication system

However, in order to reduce transceiver size, tdénend is to implement
complete multi-branch MIMO transceiver on the saihipset. In that case, there are no
independent signals’ paths in multi-branch MIMOnseeiver and crosstalk between
them is unavoidable. This crosstalk between thetiphel paths is one of the main
issues. This problem belongs to the second grouprablems specific to MIMO
transceivers. Crosstalk or coupling effects arer¢iselt of signal interferences from two
or more sources. Due to the fact that the sigmalslifferent paths use the same
operating frequency and have equal transmissionepowrosstalk is more likely
between the paths [2.13], [2.15]. Furthermore, ¢hesstalk impact would be more
noticeable in integrated circuit (IC) design, espc when the small size is very
important. As shown in Figure 2-8, crosstalk in MMMransceivers can be classified as
linear or nonlinear. Crosstalk is considered line@ien its effect at the output of the
transmitter (at the antenna) can be modelled asearl function of the interference and
desired signals. In other words, the signal affiédig linear crosstalk does not pass
through nonlinear components. In contrast, nontimeasstalk affects the signal before
it passes through a nonlinear component. Since RAeis the main source of

nonlinearity, crosstalk that occurs in the trangnitircuit before the PA is the main
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source of nonlinear crosstalk, while antenna cadlsss considered linear. These two
types of crosstalk seriously deteriorate the gualftthe signal at transmitter output. In
fact, they produce distortion that seriously deggBVM metric [2.13], [2.15], [2.16].
Linear crosstalk can be easily mitigated on receisiele using matrix inversion
algorithm [2.13], [2.16]. The nonlinear crosstaska much bigger problem and should
be carefully considered during DPD design [2.13]16]. If it is not taken into account,

the performances of DPD can be seriously degraded.

2.8.2. Distortion in Multi-frequency MIMO Transmitters

The nonlinear behaviour is much more noticeablenudti-frequency MIMO
systems. When considering concurrent dual-bandrméater shown in Figure 2-9, the

two modulated signals at different operating fregues are transmitted simultaneously.

DUAL-BAND TRANSMITTER

INPUTS —> POWER _ | pa R

N —» COMBINER "

£
\wz/j OUTPUT

2 > LPF ———(x )

Figure 2-9: Block diagram of concurrent dual-band transmitter

In these concurrent dual-band transmitters, thdorisn products at the
transmitter output can be categorised into threpmuaoups [2.17]. Figure 2-10 shows
these three types of unwanted modulation produsts fdual-band transmitter excited
with a two-tone signal in each band.
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— In-hand Intermodulation Band 1
— In-band Intermodulation Band 2

— (ross-modulation Band 1

Band 1 Band 2 — Cross-modulation Band 2

i L

Band 1 Band 2

Figure 2-10: Power spectrum of the signal at: (a) the input @aeutput of a dual-
band transmitter

— Qut-of-hand Intermodulation

The first group, dubbed in-band intermodulatiomsists of the intermodulation
products around each carrier frequency that arngcu to the intermodulation between
the tones within each band. This effect is simiarwhat it is case in single-band
transmitters.

The second group, which includes the cross-modulaproducts, appears
within the same frequency range as the in-bandmuadulation. This distortion is the
result of interaction between the signals in bo#gfiency bands.

Finally, the last group, which is dubbed out-of-hantermodulation, is the
intermodulation products between the two signalbath frequency bands. These out-
of-band terms are located far away from the lowet apper frequency bands and can
be easily filtered out. However, the in-band intedulation and cross-modulations
must be eliminated and compensated for.

There are problems in using conventional DPD teqpes for compensation of
the in-band intermodulation and cross-modulatiostadtion. Using a single digital
predistorter to compensate for all the distortiequires capturing the whole dual-band
signal spectrum at the output of the nonlinear thaa@d or wideband PA. The
bottleneck of this approach is the sampling ratatdition of the analogue-to-digital
convertors (ADCs) and digital-to-analogue convar{®ACSs), especially in case when
frequency separation between bands is very largditidnally, using two independent
conventional DPDs for compensation of distortioreath carrier frequency is also not

appropriate since the effect of cross-modulati@dpcts is not considered [2.17].
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2.9. Conclusion

The fundamental parameters of power amplifier asntlost challenging part of
wireless transmitters, the main signal quality pseters and the main PA behavioural
modelling metrics have been presented in this @napt addition to this, the distortion
problem in modern wireless transmitters has beestriteed. The transmitters are
characterised by their efficiency and linearity,iethmostly depend on the PA mode of
operation. As it has been outlined in IntroductianPA is designed to operate in a
nonlinear mode, and an additional device, usuallyiemented into DSP, is used for its
linearisation. In order to successfully designedl amplemented this device, the
detailed analysis of different distortion types hAezoming indispensable. It should be
noted that the nonlinear distortion is significgndtronger in 4G SISO wireless
transmitters because 4G signals have very high PAMRIReover, there are other sided
negative effects such as cross-modulation and talksi® multi-frequency and multi-
branch MIMO transmitters, respectively. Therefdhe additional distortion appears at
transmitter output. If it is not taken into accautite linearisation quality will be
seriously degraded. In consequence of that, theatdisation techniques should be

specially designed for these wireless transmitters.
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3. Digital Predistortion Linearisation Techniques

3.1. Introduction

In order to achieve high capacity requirements afdemn mobile wireless
systems (WCDMA, HSPA, LTE and mobile WiIMAX), higiméarity is required in the
entire signal path of both transmitter and receier it was mentioned previously, the
most rapidly developing power amplifier linearisatitechnique is Digital Predistortion
(DPD) [3.1]-[3.8]. With the aim of being more engrefficient, PAs should operate in
the highly nonlinear region close to saturationwdeer, when they operate in that
region, PAs produce high level of in-band and duband distortion. In order to reduce
these distortions and improve signal quality, aebasd signal should be passed
through DPD lineariser implemented into Digital i) Processing (DSP) that, in an
ideal case, is the PA’s inverse transfer functieigyre 3.1). As can be seen, the overall

transmitter’s response is linear in that case.

Pour‘ Pouv‘ /_-— Pout | :
PN Pin Pin

Vin Vpd | Vout
— Predistorter PA \/
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NONLINER NONLINEAR

INPUT | Digital Signal f\‘\\\ OUTPUT

> Processing » PA >
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Figure 3-1: The fundamental concept of digital predistortion
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The current chapter presents an overview of alintiagor DPD techniques used
to increase the linearity of different types of eléass transmitters, describing the

concepts of the techniques and highlighting théwaatages and drawbacks.

3.2. DUT Model Extraction

Digital predistortion applies a complementary noedirity upstream of the PA
so that the cascade of the digital predistorter #mel PA behaves as a linear
amplification system [3.9]. Behavioural modelling iessential to predict the
nonlinearity of the PA and the transmitter in gahefhe synthesis of the predistortion
function can be considered equivalent to behaviomadelling of the PA’s inverse
transfer function obtained by substitution of th&'$input and output signals with

appropriate small-signal gain normalisation [3.9].

Input \\ Output
—_ utr ——gp——

—
—

\ 4 A\ 4

Get baseband complex waveforms under
apropriate drive signal

|

Delay estimation and compensation

\ 4
Identify model

\ 4
Apply/validate model

Figure 3-2: Behavioural model extraction procedure. Key stepsifmeasurements to

model validation

Behavioural modelling of DUT is very important inder to accurately quantify
PA nonlinearities and memory effects [3.9]-[3.13]ypically, DPD is considered
closely together with Behavioural Modelling procesl{3.9]. This procedure is shown

in Figure 3.2. The propagation delay through theTDWwill introduce a mismatch
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between the data samples used to calculate thentaseous AM/AM and AM/PM
characteristics of the DUT. This mismatch will ts&ate into dispersion in the AM/AM
and AM/PM characteristics that can be wrongly coesed as memory effects.
Therefore, the captured PA output signal must ine-@ligned with the captured input
signal [3.9]. The time-aligned input and output efarms are then used to identify the

behavioural model/digital predistorter of the DUSveell as its performance.

To sum up, one can say that the behavioural modgtirocedure can be divided

into two major parts: the observation and the fdation.

. The observation refers to the accurate acquisiiothe signals at the
input and output of the PA. This part includes ekpental capturing of the
signals and delay estimation and compensation guwed3.9].

. The formulation corresponds to the choice of aatlgt mathematical
relation that describes all the significant intéi@t between the PA’s input and

output signals, its identification and validatiéhg].

Various mathematical representations of the mod&@rnjulations”) have been
proposed for behavioural modelling and digital jgexition of RF PAs and transmitters
[3.9]-[3.13]. The following section brings the depton of the most widely used

models.

3.3. Mathematical Representation of the Models

3.3.1. Look-up-table Models

The look-up-table model is the basic behaviouraldehofor memoryless
AM/AM and AM/PM nonlinearities firstly introducechi[3.14]. The complex gain of
the DUT is stored in two look-up tables. The outgighal is given by:

Xout(n) = G(l xpp(n) ) - Xin(M) 3.1)
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whereG (| x;,(n) |) is the instantaneous complex gain of the DUT. AMAM and
AM/PM characteristics of the DUT are derived frome imeasured data using averaging
or polynomial fitting techniques. The nested logktable model was proposed to adapt
the conventional look-up-table-based model to idelmemory effects [3.9]. The output

waveform is given by

Xout(m) = G(I Xin(M) 1) - x5, () (3.2)

where G (| X;,(n) 1) is the instantaneous complex gain of the DUT, %n@n) is the

input vector including the present and Mel preceding samples defined as
Xin(n) = [xin(n), Xin(n — 1), ..., Xin(n — M)] (3.3)

To clarify, if the memory depth of nested look-@ble isM = 1, there arek?
extracted and stored values@fl X;,(n) |) , whereK is a size of conventional LUT. In
general case, there ak&*! extracted and stored values@l X;,,(n) |). For instance,
if =2% =128, there will be 128 possible regions of amplitudg,(n) |. For each of
these regions, there will be 128 possible regidreanplitude| x;,(n — 1) |. Therefore,
the instantaneous complex gaih should be extracted and indexed in two levels

depending on amplitudésc;, (n) | and| x;,(n — 1) |. This is conventionally written as
Gl Xin(m) 1) = G(I xin () 1,1 Xin(n = 1) ).

3.3.2. Volterra Models

Volterra Model is the most comprehensive model for dynamic nealin

system. In this model, the relationship betweenrpat and output waveforms is:
K M M k
y(n) = Z Z Z hp(il,iz, ...,ip) nx(n — i]-)
: . it

k=1i,=0 ip=0

(3.4)

wherehp(il,iz, ...,ip) are the parameters of the Volterra modelis the nonlinearity

order of the model, andl is the memory depth. In fact, the number of patamsein
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conventional Volterra model increases exponentiallyh nonlinearity order and
memory depth. This limits the practical use of Waterra series. To decrease this
complexity, several techniques have been proposesiniplify the Volterra model.
These include the pruning techniques and the dymae®wviation reduction technique
[3.15], [3.5]. The Volterra-based models have destraited high accuracy in modelling
mildly nonlinear PAs and transmitters.

To overcome the limitation of the classical Volgerseries, a Volterra-like
approach, called a modified Volterra series or dyigavolterra series is developed, in
which the input/output relationship for nonlinegstem with memory is described as a
memoryless nonlinear term plus a purely dynamictrdmution. This was based on

introducing dynamic deviation function
e(n,i) = x(n—1i)—x(n) (3.5)

which represents the deviation of the delayed imgnalx(n — i) with the respect to
the current input signak(n). This dynamic deviation function modifies (3.4) as
follows:
K M M k
y(n) = Z Z Z hp(il, iy, ...,ip) H[x(n) + e(n, i]-)]
k=1i;=0 ip=0 j=1

(3.6)

In order to take advantage of the modified Volteseaies, but also keep the model
extraction as simple as possible, the followingr@éspntation of the Volterra series is
derived in [3.5]:

P
y(n) = Z (0, ... 0)xP (1) +
p=1

P p M M r
Z Z xp—r(n)z Z hyr(0 ... 0,y ...ir)l_[x(n_i].)
i1=1 =1

br=ip-1

(3.7)
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where hy, .(0...0,i; ...i,) representgpth order Volterra kernel where the firgt—r
indices are “0”, corresponding to the input ite®T” (n)x(n — i), ...x(n — i,.). In this
representatiomr is the possible number of product terms of thegkl inputs in the

input items.

3.3.3. Memory Polynomial Models

The memory polynomial model is widely used for bebaral modelling and
digital predistortion of PAs/transmitters exhibgimemory effects. It corresponds to a
reduction of the Volterra series in which only ddagl terms are kept [3.6]. The output

waveform of the model is

x

-1M-1
y(n) = A - X(n —m) * |x(n — m)[**
1 m=0

=
1l

(3.8)

where K and M are the nonlinearity order and the memory depththaf DUT,
respectively, and,,;, are the model coefficients.

Several variations of the memory polynomial mod®drbeen proposed in the
literature. These include the orthogonal memorympainial model [3.16], the envelope
memory polynomial [3.9] and the memory polynomiabdal with cross-terms also
referred to as the generalised memory polynomialehf3.6].

The Envelope Memory Polynomial Modelcan be seeras a combination
between the memory polynomial model and the ndst@dup model [3.9]. The output

signal of the envelope memory polynomial modelivegy by

K

M
y) = ) g x() - I — m)[?

m=0 k=1

(3.9)
where K and M are the nonlinearity order and the memory depththaf DUT,
respectively, and,,, are the model coefficients. This formulation isigar to that of
the memory polynomial model, except that only thagnitude information of the

memory termgx(n — 1), x(n — 2), ..., x(n — M)] is required and their complex values
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are not used. This makes this model simple to as®PD implementation. It can be
seen as an implementation of the nested look-up tabdel that takes advantage of the

compact formulation and simple identification ofmmeay polynomial model, where

M K
GUXOID = D" Gy Ix(n = m)[

m=0 k=1

(3.10).

The Generalised Memory Polynomial Modelntroduces cross-terms using the
alternative Volterra formulation [3.6]. Thus, a gealised form of thek-th memory

polynomial component is written in

M K
Z Z biem - x(n) x(n — m)F¥

m=0 k=1

(3.11),

where a delay of samples between the signal arekgenentiated envelope is inserted.
Taking multiple such delayed versions of (3.11nhgdvoth positive and negative cross-

term time shifts and combining with (3.8) resulighe generalised memory polynomial

Kg—1Lg—1
ym = > ) awxn-Dlx(n - DI
k=0 [=0
Kp Lp—1 My

+ Z z Z brmx(n = D|x(n — L —m)[*

k=1 1=0 m=1
Ke Le—1 Mg

+ Z Z CamX(m —D|x(n — 1 + m)|¥

k=1 [=0 m=1

(3.12)

Here, K,L, are the number of coefficients for aligned sigaatl envelope (memory
polynomial); K, L, M, are the number of coefficients for signal andylag (delaying)
envelope; and{.L.M, are the number of coefficients for signal and iegdenvelope.

The main advantage of this cross-term model is ttatcoefficients, like those of the
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memory polynomial, appear in lineéwrm. Therefore, all of the coefficients can be
simply and robustly estimated using any least-spidype of algorithm. This has

positive implications for algorithm stability andraputational complexity.

3.3.4. Wiener Model

The Wiener model is a two-box model composed oinaal finite impulse
response (FIR) filter followed by a memoryless mugwr function (see [3.9] and

references therein). The output of this modelvegiby

Xout(n) = G(1 x,(n) 1) - x1(n) (3.13)

and
M
511 = ) h() - Xin(n =)
=0

(3.14)

where G is the memoryless instantaneous gain function emghted in the look-up
table model and; (n) designates the output of the FIR filtéx(;) are the coefficients
of the FIR filter impulse response, aldis the memory depth of the DUT.

3.3.5. Hammerstein Model

In the Hammerstein model, the static nonlinearstyapplied before the linear

filter (see [3.9] and references therein). Thus,dbtput waveform is given by:

M
Xoue (W) = ) k() 11(n = J)
=0

(3.15)

and

x1(n) = G(l X (M) 1) - xin () (3.16)
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wherex; (n), h(j), andG (| x;,(n) |) refer to the output of the first box (look-up table
model), the impulse response of the FIR filter, ahd instantaneous gain of the

look-up table model, respectively, akdis the memory depth of the DUT.

3.4. Behavioural Modelling Based Digital Predistortion

Over the years, many different approaches have pemyosed to identify the
coefficients of a digital predistorter [3.17]. I8.18], a random search method based on
a simple parameter perturbation was applied to tijera predistorter directly.
However, it suffered from very slow convergencerdthe characteristic of a nonlinear
PA was first estimated, and an analytical soluti@s then found to derive the inverse
function of the PA in [3.19]. This approach is ofdasible when the nonlinear order is
low, since when the order becomes higher it wilolwe high computational
complexity. Recently, many other identification ustiures have been proposed to
identify the predistorter more efficiently and acately. These identification structures

are based on direct and indirect learning methodneral.

3.4.1. Identification of DPD Functions — Direct and Indirect Learning
Architectures

In order to identify digital predistorter, the metitology named Direct Learning
has been widely proposed [3.20]-[3.22]. This teghriis done by first constructing a
direct model of the transmitter and then invertinig model. Direct learning means that
the model of the input-output relation of the powaerplifier is estimated first, and the
predistortion is obtained directly by “pre-invedinthis PA characteristic. It should be
noticed that an inverse of the power amplifier btaral model is used directly to
construct the DPD. This architecture commonly se#i the iterative procedures to
optimise the parameter of DPD in order to minintlse error [3.21]. Figure 3-3 shows
the block diagram of direct learning identificatiorethodology. In order to minimise
the errors between the output signal and the dksignal, the coefficients of the
predistorter are estimated using adaptive algostif21]. In general, the direct
learning method can have better performance than itlkirect learning method.
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However, the computational complexity of directrtéag is higher and it usually

converges more slowly.

ﬂ, DPD

—

Xdpd(n) II;A\ y(n)

_—

4 =

|

|

| /

cul > o
Calculate g :

_ «———__ PAmodel —Nd—\
inverse

:

Figure 3-3: Direct learning DPD architecture

A large number of digital predistorters are baseu iadirect learning
architecture (ILA) [3.1], [3.4], [3.23]. The methaslnamed the indirect learning due to
the post-inverse coefficients are first identifiadd then copied to work as a digital
predistorter [3.23]. This post-compensator moda¢sdutput into the desired input, and

after that, can be used as a preerting model for the DPD. This technique is show

in Figure 3-3.
X(n) o Predistorter R PA y(n)
| (copy of A) TR~
T eln)
@
L Postdistorter
(model A)

v

Figure 3-4: Indirect learning DPD architecture

Indirect learning means that a postdistorter fastives a postinverse of the

nonlinear model without any predistorter and thée postdistorter is used as a
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predistorter. The ILA typically uses block basedskesquare solution [3.24], [3.25]. It
has been shown that when a good behavioural medsitained, a good inverse model
can also be obtained [3.4]. Although this was veslifin some cases, this is not a
general fact. In some cases, the inversion of dimear system may not be possible. In
other words, not all nonlinear systems possessagrse, and many systems can be
inverted only for a restricted amplitude rangengfut [3.21].

The pros and cons of direct and indirect learnohgntification structures have
been compared and summarised in [3.22] and [3.24].

3.5. Digital Predistortion Based on Artificial Neural Networks

Recently, the novel technique of artificial neunatworks (ANNSs) has attracted
researchers in the field of PA modelling due tosiiscessful implementation in signal
processing, system identification, and control $3.33.27]. The ANN approach has
also been investigated as one of the DPD technifpueBAs and transmitters. Using
ANN in this context is attractive because of itsptive nature and the claim of a
universal approximation capability. The real-valuedurrent neural network (RVRNN)
shown in Figure 3-5 is one of the possible soliiohnetwork topology. However, the
real-valued focused time-delay neural network (RBNN), also shown in Figure 3-5,
was found to be the most suitable, accurate, armistomodel for DPD-based
linearisation of mildly as well as strongly nonlareéPAs [3.28]. This ANN is presented
with input vectors of the leng@(m + 1), including real values of present and past

inputs

Xin = Uin(M), lin(n = 1) .. I;(n — m), Q1 (n), Qi (n — 1) ... Qi (n — )],

(3.17)
wherem is the memory depth. The outputs of ANN are exgedsas follows:
Iout(n) =fi (Xin(n)) (3.18)
Qout (M) = f2(Xin(n)) (3.19)

wheref; andf, are functions modelled by RVFTDNN at any time amst.
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Figure 3-5: RVFTDNN and RVRNN schematics [3.28]

Thenet at any layer is given by

a
netjl n) = Z w]llxll;ll (n) + bjl

i=1

(3.20)

where j denotes a neuron in hidden layerand w}idenotes the synaptic weight

connecting the-th input to thg-th neuron of layetl. The output of any layer is given as

o} = f(net}(n)). (3.22)

The output of any layer works as an input for tlextrayer. The output layer has a
purelin activation function, which sums up the aufpof hidden neurons and linearly
maps them at the output. The activation functiantieo hidden layers is typically the
tansig function, which maps nonlinearity betweenayid 1 and is mathematically

equivalent to hyperbolic tangent given as

exp(x) — exp (—x)
exp(x) + exp (—x)

tanh(x) =
(3.22)
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Training is carried out in batch mode, superviseithva back-propagation
learning algorithm (BPLA). During one epoch or @gon, two passes are made. During

the forward pass, the cost function is calculated b

N
E= _Zl[(lout(n) - iout(n))z + (Qout(n) - Qout(n))z]
n= (3.23)

wherel,,,(n) and Q,,.(n) are the desired outputs, afyg,(n) andQ,,.(n) are the
outputs from the ANN. Based on the error signatkiard computation is done in

(3.20) to adjust the synaptic weights of the nekwodayer according to

won+1) =wh)+A4Awn) (3.24)

In (3.24),w(n) denotes the weights at a previous time instalt, + 1) is the updated
weight, anddw(n) is calculated using the 1-D Levenberg—Marquardortigm form
with the aim of minimizing the cost function. Thatgorithm was selected from among
various algorithms because of its fast convergemaperties [3.28]. For updated
weights, the cost function is calculated in theMard pass; and, the whole procedure is
carried out again until the desired performancenet or the ANN starts failing the
validation procedure, drifting away from the gerigedion criterion.

The RVFTDNN was trained to extract the normalisederse characteristics

according to

Xin = f_l(ynorm) (3.25)

wherey,.-n denotes the vector containing the 1 and Q comparfentthe PA output at
that instance and previous instances after noringliz with a small-signal gain, and
X;, denotes the vector containing the | and Q compsnainthe input to the PA at that
instance. The memory length was decided by an gdtion process. Finally, the
initial input signal is passed through this traif®dN which actually acts as digital
predistorter.

This solution can be further extended and Figu6ed&picts the ANN structure,
where the in-phase (I) and quadrature (Q) companehtthe PA input and output
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signals are used as network inputs [3.29]. This ANddel can be seen as a generalised

version of the model described previously.

Input Layer 15! Hidden Layer

lin (M)

Iiﬂ {n-F’]

Qj, (n)

Q;, (n-P) y(n)

lout (N-1)

lout (N-Q)

QUU[ {n'1 ]

Qout (n'Q}

Figure 3-6: A generalised real-valued two hidden layers ANNdeidor a PA [3.29]

The following two sections describe the extensiohthe previously presented
solutions to be applicable in multi-branch and muéquency MIMO transmitters.
However, these advanced solutions are followedrhgndtic increase of the complexity

that precludes their practical implementation.

3.6. Digital Predistortion for Multi-branch MIMO Transmitters

As it was discussed previously, the compensatioth®@fPA nonlinearity is the
main goal of DPD. However, there are other sidecat$f such as quadrature
modulation/demodulation (QM/QDM) errors [3.30], labcOscillator (LO) self-
coupling problem [3.31] or crosstalk specific to IthRbranch MIMO systems [3.32],
[3.33] to be aware of. The description of the stakk problem is given in Chapter 2.
This section describes DPD models specifically glesil for multi-branch MIMO
transmitters to jointly compensate nonlinear ciaksand PA nonlinearity.
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3.6.1. Crossover Digital Predistortion (CO-DPD)

Conventional DPDs are not able to compensate &rstitter nonlinearity in
the presence of nonlinear crosstalk. Therefore, dressover digital predistorter
(CO-DPD) model that can jointly compensate for batbnlinear crosstalk and
transmitter nonlinearities was developed [3.32¢alh be assumed that there is only one
major nonlinear component (PA) in the transmitteain, and therefore, all the crosstalk
terms from different sources could be added uprbdfte PA to represent the nonlinear
crosstalk. The linear crosstalk appears after theud is named the antenna crosstalk.
Its effect can be compensated together with thecefif the wireless fading channel at
the receiver side [3.32].

In the CO-DPD model, the entire MIMO transmittec@sidered as a nonlinear
system with two inputsx(, x,) and two outputsy{, y,). The relation between the inputs

and outputs is shown in matrix form as follows:

[y1 2] = W(x; xz]T (3-26)

where W is a nonlinear matrix function representing thenlimear behaviour of the
transmitter, which is composed of the PAs nonlitgand the nonlinear crosstalk.

The conventional memory polynomial model is usedharacterise the static
and dynamic (memory effects) nonlinear behavioutheftransmitter. The closed-form
expression relating the complex signals at the timmod output of the nonlinear

transmitter can be written as follows:

|k—1

hiqlx(n = )" x(n - q)

N=

Q
ym) =

q=0

=
Il

1

(3.27)

wherex(n) andy(n) are the input and output complex signals, are the polynomial
coefficients, K and Q¢ are the maximum polynomial order and memory depth,
respectively. The memory polynomial model can heriteen into the matrix form as

follows:

<
Il
o

KR
S

(3.28)
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where each symbol is defined as follows:
. y=[y(@)..y(N)]"is N x 1 an vector representing samples of
the output signal.
. R = [hyp hoo - Bk - hig hag - Rkl IS @ K(Q + 1) vector of

the polynomial coefficients.

. Az =[p2.. BI .. BZ]is anN x K(Q + 1) matrix
[ 01xq O1xq O1xq 1
Bl = |52 (x(1) P(x(D) - Bi(x(D) | is a N x K matrix

lﬁl(x(N — @) Ba(x(N - Q) - Bx(x(N = @)
andBy(x(n)) is defined ag;(x(n)) = x(M)*x(n) .

. X =[x(1)..x(N)]" is anN x 1 vector representiny samples of

the input signal.

Theh, , coefficients can be determined by the pseudoim@ws; matrix as follows:

h = pinv(4z)y 29)

where pinv(4;) = (A% A,;)_lAfz’ is the pseudo-inverse of matrit;. The memory
polynomial model can be extended for the MIMO cadgegre there are two inputs and
two outputs. The expression in (3.28) is extenaedHe dual-input dual-output system

as follows:

- hix has
5773 = [ As: Ax] [: é] (3.30)
h1,2 h2,2

whereAs; andAy; are the matrices defined for inpatsandx;, K; are the polynomial
coefficients between inpaf and outputy,. Therefore the polynomial coefficients for
the 2x2 MIMO model will be:
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—

hiy hay -
[il, ﬂ,] = pinv([A,T1 AE])[JH V2l (3.31)
hio  hyp

—_ —

.. - d d .
Similarly, to extract the DPD coefﬂment[s,ﬂ %] the vector[y; ;] will be
1,2 2,2

swapped withx; x,], and thed;- and Ay, are defined based on output dafaand y,.

Therefore, the DPD coefficients are:

—_—

dyi dyy -
[il, ﬂ,] = pinv([A4y; Ay;]|) 37 %3] (3.32)
dip dap

The application of the calculated DPD functionsilligstrated in Figure 3-7
where the DPD outputg andz, depend on both input signadg andx, .
CO-DPD

Tx 2
X2

» DPD22 }—

R

—P{ DPD calculation}

pesssnsnsnansasso00000000000000000000000000000000000000005%

Figure 3-7: CO-DPD model for dual-branch transmitters

3.6.2. Digital Predistortion for Multi-branch MIMO Transmi tters Based on
Combined Feedback

When it is needed to apply previously describediveational CO-DPD in
transmitter withM transmitter’'s chainsM independent feedback paths are required
(Figure 3-8(a)). To overcome multiple feedback pathe two possible solutions were
described in [3.34]. The first solution, shown iigudre 3-8(b), uses only one feedback
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and time-sharing method amolRbPA outputs. In this case, crosstalk between differ
outputs is unavoidable and can seriously degragdeD®D linearisation performances.
The second solution instead of constructing a se@deedback path at the output of
each PA uses combined feedback which adds all A= &utputs to form a single
feedback [3.34]. This solution is shown in Figur8(8).

x1(n) z1(n)
xm(n) | . zm(n
; @2 s
°e X« 1/Go
»DD algorithm ‘4—-— Feedback
* | PDalgorithm | * | Feedback | = °
(a)
x1(n) y1 z1(n)
—>  PA —> pA >
xm(n)| o | eym L . zm(n
(n) - J PA /M ET - zm( R
_ ~
P oo ‘ 1/G0
° . Shared
. s PD algorithm |« Feedback Selector
(b)
Wi(.) A ()
x1(n) y1
: » P : PA
xM(n)| - T oYM |~
(n) - . A/ oA
° . Shared
N PD algorithm ¢ Feedback
a(n)
(©)

Figure 3-8: Multi-branch MIMO transmitter model: (a) with midte feedbacks
(b) with selector based shared feedback (c) withloer based shared feedback
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The DPD methodology shown in Figure 3-8(c) considtsvo steps. The first
step is PA identification procedure, and the secsteg is DPD parameters calculation
from the identified PA characteristic.

The combined feedback sigriin) can be written as follows:

a(n) = Zlé:) + ZZG(:) + ot ZMG(On) ~w'y(n)

(3.33)

wherew = [w!l wl ... wi]T andy = [y yZ ... y4,]7. It should be noted thav and
y(n) are theM-times augmented vectors by stacking{up} and{y;(n)}, respectively.
Therefore, the size oF is M-times bigger than that of;, and by estimating’, M PA
parametersw; for i = 1,...,M can be obtained. To identify the characteristic
coefficients of the PAs, the error is defined dbfus:

e(n) = a(n) —w' y(n) (3.34)
wherew is the PA parameter vector. To find the PA param@téhat minimises(n),
the least squares (LS) is employedVIisamples forn = 0, ...,N are available and the

PA characteristics are not changed duringMkheample period, the LS cost function can

be expressed as:

N N
J= ) le@I? = Y lat) - # ym)I?

(3)35
The LS estimate d¥ that minimises (3.35) can be obtained as:
w= (YHY) 1lYHq (3.36)

wherea = [a(1),a(2), -+ - -,a(N)]Tand¥ = [y(1),¥(2), - - - ,y(\N)]T.
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The next step is calculation of DPD functions. faeameters of DPDs can be
calculated independently at each path becaus@/tR& parameters are estimated. To

find the DPD parameters, a cost function is defifeedhej-th PA as follows:

enj = Ellenj (n)|*] (3.37)

where

epj () = x;(n) — Zj(n)/GO. (3.38)

As there is only one combined feedback patfm) cannot be used directly. Therefore,

the j-th estimated PA parameter is used instead. Spaltyfi the error signals can be

rewritten as:
€hj (n) = xj(n) - W]Ty](n) (339)

Using (3.39), the adaptive algorithm that minimi¢8s37) can be applied (see
[3.34] and references therein).

3.6.3. Simplified Crossover Digital Predistortion (Simplified CO-DPD)

This subsection is based on the author’s publinatif8.35] and [3.36]. The
baseband equivalent transmitter model shown inrEi@+9 is used to explain this
concept like in [3.30], [3.31]. Undesired effectsdathe technique are explained in
example of the MIMO transmitter witN RF front ends. Parametecg; are used for
crosstalk modelling betweeitth andj-th RF front ends {,j = 1, ..., N, wherej is
crosstalk source branch,is affected branch and;; = c¢;). The affected signal with

nonlinear crosstalk effects at the PA output ofittteRF front endy; is:

Vi = fpa(Cin ¥ 2y + -+ z; + -+ Ciy * zy) (3.40)

PhD Thesis Page 55



Digital Predistortion of RF Amplifiers Using Basetghinjection for Mobile Broadband Communications

wherefp, IS nonlinear PA transfer function, the predistosgghal z; = x; when there
are no additional blocks for DPD purposes (framath wreen lines), andx; (i =

1, ..., N) is the discrete time-domain OFDM signal at timstantn given as follows:

. 2T
— vK-1 (@ jzkn
xi(n) = Yyplo X, e'¥ (3.41)
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Figure 3-9: The baseband equivalent N-MIMO OFDM transmittethveimplified
CO-DPD

The time-domain, PA input signal on carrier frequemw = 2rf with variable

amplitudeV, (t) and variable phase(t) can be written as:

vy () = Vi (t) cos(wt + (p(t)) = (vI(t) cos wt — vQ(t) sin wt)V (3.42)

where V = |V, ()| is the average value of the amplitude, normaliseghase and

quadrature components are(t) = VST(t)cos(w(t)), vQ(t) = VST(t)Sin(w(t)), and
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vI(t)2 +vQ(t)? = 1. The PA nonlinear behaviour can be described vilib

guadrature Taylor-series amplifier model [3.37] givéth the following equations:

yi = (GIWL) + jGQ(vQ))V; (3.43)
yl; = GI(vI;) = Y _, ApvIf (3.44)
yQ; = GQ(Q)) = Xh_o ByvQf (3.45)

where y; is a complex signal at the output of PA ikth transmitter’'s branch i &

1,...,N), A, andB,, are polynomial coefficients amlis a polynomial order of the PA
model.

The proposed MIMO DPD block is shown in Figure.3f®order to suppress
crosstalk effects from other branches, the predidtsignal ai-th transmitter’'s branch
is a sum of signals from N branches:

zi(n) = YR-qzly + jYR-12Qy, i=1,..,N (3.46)
By substitutingzl;;, = dl;; (xI;) andzQ;, = dQ;;(xQy) , signalz;(n) becomes:
zi(n) = Y=y Al (X)) + j Xh=1 dQue(xQy), i = 1,...,N (3.47)
wheredl anddQ arePth-order polynomial functions with coefficients andb,,:
dI(xI) = ¥5_; a, xI? (3.48)
dQ(xQ) = Xj-1 b, xQP (3.49)

The polynomial functionsll;; anddQ;; (i=1, ..., N) are DPD functions which
deal with PA nonlinearity. In contrast/;; anddQ;; (i,j = 1, ..., N and i # j) functions
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have a goal to eliminate nonlinear crosstalk betwieh andj-th MIMO transmitter’s
paths. The equation (3.47) can be re-written int@trix form for the blocks ofL

samples as follows:

. dIll dllN AIl dQll dQlN AQl
258 Pt | T D) PR | (3.50)
dINl dINN AIN dQNl dQNN AQN

Whered_fl-j and@)i]- are vector representations of MIMO DPD polynontagfficients
— — — T
for dI; and dQ; (ij=1,..,N) polynomial functions? = [ZI, ..ZIy] +

i[2G....Z0u] ; ZI; = [21;(1) .. 21,(L)] and ZG; = [2Q;(1) ...zQ;(L)] are thelx L

vectors;
fL(xI) ... fL(xI(L))
fIp(xI(D) ... fIp(xI(L))
and
fQ1(xQ(1)) fQ1(xQ(L))
AQ; = :

Fr(xQULD)) ... FOp(xQ(L))

are P x L. matrices in which each element represents polyalotarm flp(xl(n)) =

(xI(n)" or £@,(xQ@(n)) = (x@(n))", (p = 1 for linear andp = 2, ..., P for nonlinear
terms), for matricesll; and AQ;, respectively. The symbd! is a polynomial order
andi denoteg-th MIMO transmitter’s branch.

The coefficients of DPD polynomial function4;; andd@;; (i,j = 1,...,N) are
extracted in feedback block named “Adaptive MIMO DRoefficients extraction”.
This block calculates coefficients of DPD functiomsing modified expression (11).

Namely, in (11), for the DPD extraction purposeg tlermsx/(n) andxQ(n),n =

yQG(n), whereG is a linear

1,...,L, in matricesAl; andAQ; are replaced wit%’((;—n) and

PA gain andn is sample’s index. The solution of (3.50) giverthnthe following

equations
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d]ll Xy d]lN

: . i = pinv([AlL; ... AIyD|ZL, ... ZIy ] (3.51)
dQy; . dQiy L
i i | =pinv([4Q; ... AQYD[ZQ; .. ZQy | (3.52)

dQNl dQNN

calculates the coefficients of the MIMO DPD polynamfunctions. The function
pinv(x) = (xT x)"x represents Moore-Penrose pseudo inverse basedverting

matrix using singular value decomposition and \getde well-known least square
solution [3.38]-[3.40]. After this step, the extrad DPD functions are copied in
“MIMO DPD Block” and applied to initial OFDM signalusing (3.46). Therefore, this
technique satisfies indirect learning adaptive Ddegbheme [3.1], [3.4], [3.23] which is
extended for the application in MIMO transmittesss it was explained above, an
excellent feature of the indirect learning is thiatenables the estimation of the
predistorter coefficients without need for a pridmowledge of the PA transfer

functions.

3.7. Digital Predistortion for Multi-frequency MIMO Transmitters

The rapid development of multi-standard/multibanagteless communication
systems has caused an urgent need for researchlosreguency MIMO transmitters.
The first step in developing transmitters of thisdk is the design of dual-band
transmitter and solving the problems specific tdrlere have been frequent efforts to
design transmitters to concurrently support twa@dsads in different frequency bands
(see [3.41] and references therein). The nonlidathat concurrently amplifies high
peak-to-average power ratio (PAPR) wideband signaiso frequency bands produces
distortion that significantly degrades signal qyallhe distortion level is much higher
in the case of dual-band transmitters than in thgecof conventional single-band.
Therefore, the baseband DPD have to be specifidakbygned for concurrent dual-band
transmitters. In order to suppress distortion ehiied in these transmitters, the various
DPD techniques were proposed [3.41]-[3.52]. Theylmsed on generalised frequency-
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selective DPD architecture [3.42], dual-band IF Débhitecture [3.43], widely spaced
carriers’ DPD architecture [3.44], 2-D complex paynials [3.41], [3.45], 2-D
complex polynomials with subsampling feedback 1d8pi6], 2-D complex cross-
modulation (CM) basis functions [3.47], 2-D modifimemory polynomials [3.48], 2-D
augmented Hammerstein [3.49], 2-D Enhanced Hameierg.50], dual-band memory
polynomials based look-up tables (LUTs) [3.51] steaded real-valued focused time
delay artificial neural networks (ANN) [3.52]. THmearisation performances of the
solutions [3.42]-[3.44] depend on frequency sepamabetween bands in concurrent
dual-band transmitters. The solutions [3.41], [B}8552] overcome this problem by
usingtwo identical DPD processing stages for two bamas, local oscillators and a
combiner before the PA. This 2-D-DPD methodologgdaaon dual-cell architecture
was firstly presented in [3.41], where the RF sigrna each band are captured and
digitised separately. This architecture is showrFigure 3-10. The model has been
developed in such a way that two modulated sigoatdribute to the linearisation of
each band. To clarify, in this architecture, thare two DPD blocks. The first one is
used to compensate for the distortion at Band lereds the second one is used to
compensate for the distortion at Band 2. The ostpfitboth predistorter is than up-
converted and combined together. The feedback Isigma used in “Analyzing Stage”

to train each DPD block separately.

X1 /xpd1

Dual Band Or /
Predistorter > DAC RF Upconversion Wideband PA
Coupler
.
(
+H— -
_— K
X2 Predistorter Xpd{ DAC RF Upconversion

Ll

y1 4
< ADC |« RF Downconversion <
e
Analyzing Stage
y2 A
Ve
ADC >
RF Downconversion

Figure 3-10: 2-D dual-cell DPD architecture
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The solutions based on dual-cell architecture suffem a high run-time
computational complexity of predistorter design vasll as a high computational
complexity and numerical instability of DPD ideitdtion. However, these approaches
were experimentally verified and widely used nowadarhe following subsections
describe 2D-DPDs based on dual-cell architecture.

3.7.1. 2-D DPD Based on Memory Polynomials

The extension of the conventional memanymomial model for an application in
concurrent dual-band wireless transmitter is péssi8.41]. If the transmitter is
modelled as memoryless fifth-order nonlinearity

y=x+xlx?+xlx|* (3)53
and the discrete-time baseband equivalent inpoatas
X =5+ 5, = x,e 1O 4 x,e/onT (3.54)
the model output will be

y=(xg+x; 12y PHxg 1x P42 [ xg 144 4oy | xq 12] x5 P4 xq | x5 [4)e /O +
(xy + %5 1 %0 P2, 1 x5 1P+ x5 | 2 154455 | %1 12] x5 124 x5 | x5 |*)e/@MT +
(x12200" + 222 | g 12 20" 4 3017 | x5 12 %" )e™3@nT
(x1" %% 4+ 221" | x5 12 %52 4+ 3x17 | xq 12 x,2)e39MT 4 (x,3x,*2)e~/30nT 4

(x1*2x23)ej5amT

(3.55)

To clarify, n in x;(n) andx,(n) is omitted to simplify the notations. If it issasned
that the frequency offset between the two carregudencies is large enough, the output

signals around each carrier frequency can be appated as:
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y(—w)

=(x;+xg Lxg PHag Ixg P4Hxg Lxg P+ | xg 12 xp 1P+ 20 | xp [*)e/onT

(3.56)

y() = (xy+ x5 121 P+ 25 1 x5 1P+ 25 1 21 1F+ 25 | 21 12] x5 124 x5 | x5 |*) /N T

(3.57)

For the nonlinear system with dual baseband compipxt signals withNth-order
nonlinearity and(M-1)th-order memory depth, the generalised formulatifmrseach

output complex signal associated with the each®irput signals are as follows:

M-1 N k
i) = > e (= mx | xy (= m) ] xy(n = m) U
m=0 k=0 j=0
(3.58)
M-1 N k
ya(n) = > e (= mix | vy (n=m) ) (= m) U
m=0 k=0 j=0
(3.59)
Equations (3.58) and (3.59) can be developed imixfarm as
y=AY¢ 3.60
y 2 (3.60)

where

e ¥y, =[y(n) - yn+L-1)]"is anLx1 vector representing thesamples of the
output signal ai-th output;

_r.0 @ O @ @ ) ; 1\ (M(N+1)(N+2)
- C= [COOOCLO,OCl,l,O “Cijo T CNNO CN,N,M—l]T IS a (g) (f) x1

vector of polynomial coefficients;
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Ag) = [bg’) P b(M_l)] is alLx (w) matrix:

. )—Czl e )—Czl

° b,(zp) -

[ xi(n ~ p) xi(n = p)lxin =) bxy(n = )1 xi(n = p)lxa(n — p)I*
I_xl-(n—p+l:,—1) xi(n—p+L—1)|xi(n—p+l:,—1)|k’/ lxi(n—p+L—-1| xl-(n—p+L—:1)|xu-(n—p+L—1)|N ]
‘o s . P N+1)(N+2 . .
where i&ii = 1,2 and i # ii, IS aLx((()z—())) matrix that has its elements

extracted from (3.60);

e X=[x(n)-x(n+L-1)]Tis anLx1 vector

The 2-D DPD functions can be determined using thdirect learning
architecture and least square to solve (3.60) whandy are swapped. After this step,

these functions are applied to initial signalsalivs:

Nk
x,(n) = ZZC,E]mzl(n—m)x | zz(n —m) ¥ z;(n —m) IV

(3.61)
Nk
xy(n) = z ZZC,(”mzz(n —m)x|zz(n—m) ¥/ z,(n —m) |V
(3.62)

3.7.2. Low-complexity 2-D DPD

In order to simplify previously described modele thpproach named 2-D DPD
was developed [3.47]. For instance, if the sevemtier memoryless model

y—a§3x+a(l)x|x|+a xlxl4+a xlxl6 i=1.2 (3.63)

is used, the output signals around each carriquéecy look like as follows:
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yi(n) = aﬁ))x1 + agt)xl(l x, P+ 21 x, 12)+ a xl(l X 15+ 61 x; 121 xy 17+

31 x, 4)+a70x1(|x1| +12 | x; I*] x, |2+18|x1| | xy 1%+ 41 x5 1%)
(3.64)

y,(n) = a10 X, + aé%)xz(l X 2+ 2 1% 12) + a(z)xz(l X 1Y+ 6 1 x5 121 %1 17+
31x | 4)+a xz(lle +12 12, 1*1xg 2+ 18 1 x5 21 xq 1*+ 41 x4 19)

(3.65)
wherey, (n) andy,(n) are the complex baseband output signals arourtd eatier
frequency, and in x;(n) andx,(n) is omitted to simplify the notationBy including

the memory terms, it leads to the model named lomgtexity 2D model:

M-1 K
yi) = ) B = m)fiera( %1 (= m), xp(n = m) |
k=0 (3.66)
M-1 K
y2(n) = h{) 2, (n = M) fies1 (1 x2(n — m), %, (n — m)) |
meoke (3.67)

Whereh(l) andh(z) are the model coefficients of each bamtljs the memory depth
and K + 1 is the nonlinearity order. For odd-order termsd(atumbers ofk + 1),
fies1(I x;,(n —m), x,(n —m)) is derived from (3.64) and (3.65) and has theofaiihg

form:

freer (X L1 x; 1)
1,

|xl' |2+2|x]’ |2
|xl' |4+6|xi |2|x]- |2+3|x]- |4
U 184+ 12 1 14 % 124 18 1 x; 12 % 14+ 4 1 x5 1°

ol R -
1 -l
o BN o

(3.68)
For even-order termf,, 1 (I x;(n — m), x,(n —m)) can be simply written as:

feer( T LI | ) =10x 1 4j 1% 1%, k=135,.. (3.69)
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where i,j € 1,2 and i # j. This model can be also identified using leastasgu
algorithm. In comparison with previously describ2dd memory polynomials, this
model uses two summations. The total number of ficomits is decreased from
MK +1)(K +2) to2M(K + 1).

3.7.3. 2-D Augmented Hammerstein

As it is known, for the single-band case, the Hamsteén model consists of a
static nonlinearity block cascaded by a linear Filker. A block diagram of the
Hammerstein model for dual-band transmitters na@& Augmented Hammerstein
model is depicted in Figure 3-11 [3.49].

r o 2DHammerstein | o
xi(n) . I vi
l( ) > Static UI(n) > FIR1 | yi (n)
: » nonlinearity :
x(m) o !
o yi(n)
r-—--—-—-—-—-—- - - - - - - - - - —_—T_TTTT7/—7—=—77— | A
| |
| |
3 xi(n)[xi(n)]2 > FIR2
| yi(n)

Nonlinear FIR-based filter (NFF)

Figure 3-11:Block diagram of 2D augmented Hammerstein (2D-AHbded

As can be seen, the 2-D AH model consists of tie Pammerstein model in parallel
with nonlinear FIR-based filter (NFF). A 2-D Hammatin model is described with

following two equations:

K k
u;(n) = z z b,(fl)xi(n) | x; () 17 x () 1 je{l,2}andi +j
k=0 1=0
(3.70)
K
yPHm) = Z hgl)ui(n —m) i,je{1,2}andi #j
k=0
(3.71)

The output signal of the NFF is given as follows:
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0-1
yit = Z 9 xn—q) 15— q) 12, Lje{l2}andi#j
q=0
(3.72)

It should be noted that the NFF in (3.72) only é¢dess the third-order nonlinear
memory effect. Finally, the output of the 2-D AH d&bis sum of the (3.71) and (3.72):

yi(n) =y Hm) + yNF(m), ije{l,2}andi#j (3.73)

3.7.4. 2-D Enhanced Hammerstein

The Enhanced Hammerstein (EH) behavioural modedistsnof a memoryless
polynomial followed by a Volterra filter [3.50]. Enefore, this model is capable to
predict both the static nonlinearities and memdfgots. The 2-D version of this model

is expressed as follows:

NgE

k
w () = Y Y Rz @) | 2y () 171 7,(n) 197
o (3.74)
N k
w(n) = Z hiz qz2(n) | zy(n) 1479 z5(n) 1977
k=1qg=1
(3.75)

whereh,lc,qand h,zc,q are the kernels of the 2-D memoryless polynomiglsandz, are
the complex envelopes of the input signals of tAeaPthe carrier frequencies;and

w, andu; andu, are the complex envelopes of the output signalthefPA at the
carrier frequenciesw;and w,. N corresponds to the nonlinear order of the 2-D
memoryless polynomials. The Volterra model is appnated by a simplified model as

follows:

P

X1 (1) = ) 1)
k=1

(3.76)
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where
xl.k(n)
( a0 )
hyPu(n —my), fork=1
L Z Z Z Z hr(ilkn‘zz m3u1(n —myx |l u,(n —m,) [kqj uy(n —my) 1771, fork > 1J
=1my=1m3=1q=1
(3.77)
and
P
X0 = ) ()
k=1
(3.78)
where
X7 (1)
My
{ Z h,(,f’lk)u2 (n —my), fork = 1‘

My My M3
z Z Z Z hgfhg,mguz(n —m)x | uy(n—my) ¥ uy(n —my) 1777, fork > 1J

=1my=1m3=1q=1

(3.79)
3.7.5. Dual-band DPD Based on Look-up-tables
A single band LUT model can be implemented effittieas
0-1
y(m) = Y x(n = QLUT,[| x(n - ) P’
q=0
(3.80)

where the term Y X1 Azks1q | X(n —q) |2k used in conventional memory polynomial
model is swapped byUT, [l x(n — q) |?]. This model can be extended to be applicable
in dual-band transmitters [3.51]. In that case,adbut signal at Band 1 looks like:
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0-1

Y = ) 3= OLUTygll 5, (1 = @) 1 % (n = @) 1]
q=0
(3.81)

Two-dimensional LUTs are required here to represdinthe product terms betweden
x,(n—q) |1? and| x,(n — q) 1% in (3.81). This leads to the high complexity of|+ife

implementation. However, this model can be simgtifas follows:

Q-1
v () = D (= OLUTyq[1 %3 (1 = 9) 2]+ LT[l 2, = ) 1T}
q=0
(3.82)
or
Q-1
yi(m) = ) (1 = QLUTyqll 31— ) P
q=0
+ LUT,gl 12, (0 = @) 124 x,(n = ) 1]}
(3.83)

The LUT-based 2-D DPD structure (3.83) is more eateuthan the structure (3.82), but
more complex and therefore, less efficient [3.51].

3.7.6. Extended-RVFTDNN for Dual-band Transmitters

An extended real-valued focused time-delay neuratwark (extended-
RVFTDNN) was proposed to approximate the nonliresgraviour of concurrent dual-
band transmitters [3.52]. The topology of exten&8(-TDNN is illustrated in Figure
3-12. One can see that two single-band RVTDNNsamebined with mutual coupling;
thus, the conventional ANN model is extended t@a neural network with four inputs
and four outputs. Therefore, the outputs of thiseded-RVFTDNN are all functions of

the two input signals:

Ioutl(n) =01 [Iinl(n)xlinl(n - 1);"' Iinl(n - pl); Qinl(n)"" Qinl(n - Ch)
Iinz (M), Lina (M — 1), Iing(n — p2); Qinz(M), Qinz(m — 1), Qinz(n — q1) ](3 84)
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Qout1(M) = Gollin1 (M), L1 (n — 1), i1 (n — p1); Qina (M), Qina(n — q1)
Lina (), iz (n — 1), Iipa (0 — p2); Qinz(M), Qinz(n — 1), Qinz(n — q4) ]( )
3.85

Ioutz(n) = 93[Iin1(n)r1in1(n - 1):"' Iinl(n - pl); Qinl(n):"' Qinl(n - ql)
Iinz (n)rlinz(n - 1)"" Iinz(n - Pz)i Qinz (n), Qinz (n - 1)"" Qinz (n - ql) ](3 86)

Qoutz (n) = 94[Iin1(n)r1in1(n - 1):"' Iinl(n - pl); Qinl(n)"" Qinl(n - ql)
linz(), linzg(n — 1), Ijna (N — P2); Qinz (), Qinz(m — 1), Qi (n — q4) ]

(3.87)
Single-Band RVTDNN Hy 0'tn) s
i 1,,(n) 1
B V
Laln=p) ) .
O, 0 (1) A '
Qh.l':ﬂ—” ? .'7
oy 0uo-a) SR S
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o SV | VA S e
o N A ; ° - -

[==] f.(n=1) ‘.ﬁ’fi‘f /)
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; {aln—p,) -tJLP / .-’ .'
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Figure 3-12: The topology of extended-RVFTDNN for concurrenadband
behavioural modelling [3.52]

Due to the coupling of two single-band ANNSs, thed®iting of cross-modulation
products as a result of the two input signals ®matically integrated into the ANN.

The four ANN outputs can be expressed as:
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m
Loutiv1) = Z W(22i+1)kQ11(n) + b%i+1' i=01
k=1

(3.88)
m
Qouti+1) = Z W(22i+2)kQ11(n) + b3, i=01
k=1
(3.89)
where
QL(n) = f(net;(n)) k=123, ...m (3.90)
and
P1 q1 P2
netj(n) = Z Vil =) + ) upgi Qi (n — 1) + Z Xgilina(n — 1)
i=0 i=0 i=0
qz
+ ) yhQua(n = ) + b}
i=0
(3.91)

As in the RVFTDNN case [3.28], the chosen activafienction for the hidden
layer and the training algorithm was thiansg and Levenberg-Marquart (LM),

respectively [3.52].

3.8. Band-limited Digital Predistortion

The constantly increasing demands for wide bandwaetkate great difficulties
in employing DPD in future ultra-wideband systenisis is mainly because the
existing DPD system requires multiple times theuingignal bandwidth in the
transmitter and receiver chain, which is impradtitta implement in practice. For
instance, in the extremely wideband system suchLBE-Advanced, 100-MHz
modulation bandwidth is required, which means 8@Q-MHz linearisation bandwidth
will be required if the existing DPD techniques atdised. Therefore, there is a new

need for band-limited DPD research and developniEmt section describes pioneer
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DPD technique in this direction [3.53]. A band-limg function is inserted into the

general Volterra operators in the DPD model to nihe signal bandwidth under

modelling, which logically transforms the generablidérra series-based model into a
band-limited version. This approach eliminatessixem bandwidth constraints of the
conventional DPD techniques. It allows users tattly select the bandwidth to be

linearised in the PA output according to the systenuirements without sacrificing

performances.

As shown in Figure 3-13, a band-limiting functiencascaded with the Volterra

operator.
I |
- I I th,BL
o D1 o w i (x)
LI
T I I l hs,sL
3
x(n) > Ds > w() I I /X\‘ ;v y(n)
: I I [+ />
I I | i*ﬂ | hs,sL Ak/ I I
Ts /
| | > Ds —> wi | | (x)
1l | : | sw | ||
BW : BW

Figure 3-13: Band-limited Volterra series model

It was mentioned previously that the conventionalt®&ra model is represented as:

y(n) = Z Z hp(il, ...,ip)Dp [x(n)]
p=1lij=g ip=0

(3.92)

where
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p

Dylx)] = | [xn - ip

j=1
(3.93)

The band-limiting function can be a linear filtemd it can be predesigned in the
frequency domain with an effective bandwidth chosecording to the bandwidth
requirement of the system output. It is then comeerinto the time domain and
represented by a finite impulse response. fitheorder band-limited Volterra operator

can be represented by

Tplx()] = Dp[x ()] = w(n) (3.94)

where x represents the convolution operation. The genecddtie¥fa series can thus be

transformed into a band-limited version as

pBL(ll,.. lp)T [x(n)] =

"2,
ZZ Z pBL(lv-- lp){D x(n)]*W(n)}_
2,

P=1i100
Z Z hp,pi (iv, - ip)
p=; i1=0

X Z l x(n —ij — k)W(k)

k=0 | j=1

(3.95),

whereT, is the pth-order band-limited Volterra operatar,(n) is the band-limiting
function with lengthK, hp,BL(il, ...,ip) is the pth-order band-limited Volterra kernel,
andx(n) andy(n) represent the input and output signals, respegti@le to the fact
that the signal is filtered by the band-limitingntiion after it passes each Volterra
operator, the bandwidth of the output from eacht&fch operator is limited within a
certain frequency range (BW in Figure 3-13). Afteging linearly scaled by the
coefficients and recombined together, the finapatiis logically band-limited to BW
[3.53].
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3.9. Conclusion

First of all, an overview of existing PA behavioungodels and DPD techniques
based on these models has been presented in thigteChin fact, the previously
proposed DPDs do not require additional RF compienand can be considered as
being simple in implementation and integration. ld@er, these Volterra, LUT,
polynomial and ANN-based DPD techniques have hi§f [@omputational complexity
as well as high complexity and numerical instapilitf DPD model identification.
Second, the DPD techniques applicable in dual-idpidiO transmitters as well as in
concurrent-dual band transmitters were describdéw domplexity of these DPDs is
additionally increased and their implementationreéal transmitters is impractical. A
high bandwidth constraints problem was discussed l@nd-limited DPD used to
mitigate these constraints was presented. Thisisthiss focused on overcoming
numerous problems of existing DPD solutions in modevireless transmitters’

applications.
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4. Injection-based Linearisation Techniques

4.1. Introduction

The linearisation methods based on injection werelbped in [4.1]-[4.10]. For
injection-based RF predistortion methods, the astlused second harmonic injection
[4.1]- [4.3], frequency difference injection [4.24.4], [4.5], low-frequency even-order
intermodulation (IM) components injection [4.6],cambined second harmonic and
frequency difference injection [4.7], a combined3IMnd envelope injection [4.8], a
combined low frequency difference and third harmanjection [4.9] or a combined
RF-baseband injection [4.10]. The shortcoming o0f1]44.10] is the adding of
additional RF hardware components. Quite the opgotie third-order IM component
injection [4.11], the third- and fifth- order IM ogpoonents injection [4.12], a brick wall
injection [4.13], a combined LUT-injection [4.14} an iterative injection [4.15] were
proposed to be implemented as DPD. In generaletpesdistorters have significantly
lower computational complexity in comparison witther DPD approaches based on
Volterra, LUT, polynomials or ANN described in prews Chapter.

Nonetheless, they usually suffer from compensalionit introduced by new
components that appear after injections [4.12]. @dwer, the existing injection-based
techniques were tested in open loop and due tofdltht are not adaptive and have
limited usage in real transmitters. In additiorerhwas no experimental proof of how
these techniques behave with 4G signals which heewy variable amplitude.
Furthermore, as will be shown in this thesis, thentioned injection-based DPDs
cannot be used in concurrent dual-band transmitesause of their impractical
sampling rate requirements for the digital-to-agak convertors (DAC). Also, all they
have limited error vector magnitude (EVM) and powsgectrum density (PSD)
performance due to the fact that the distortionseduby cross-modulation (CM)
products is not taken into consideration.

To sum up, the injection-based DPD methodology @astential of achieving

high linearising performance, while maintainingatelely low complexity. For this
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reason, this methodology is assumed as a basthdoadvanced DPD techniques for

modern wireless transmitters developed in thisishes

4.2. RF Injection Techniques

The mostly used RF injection techniques use arctioj of the distortion
products generated by the second-order nonlineefitthe PA, which are either the
difference frequency component or the second hanointhe nonlinear PA output
[4.1]-[4.5]. If these products are mixed with thetial signal, they can improve the
intermodulation distortion (IMD) of the PA. Under tavo-tone test, the difference
frequency component is the one contairiog(w; — w,) t, which after being mixed
with the fundamental-frequency signal ebs(w,t) produces an additional IMD
component atos(2w,; — w,) t. If the phase shift is carefully selected, thisied IMD
component can decrease the initial one, and henpeove PA linearity. Similarly, the
second harmonic abs(2w,t) after mixing with the fundamental harmoniacas(w-t)
generates an IMD term ets(2w; — w,) t. This component interferes with the IMD
term produced by the amplifier's nonlinearity, anfdthe phase is adjusted properly,
decreases it. Consequently, the second-order piodhjection techniques are divided

into two groups: second-harmonic and differencegdesncy injection techniques.

4.2.1. Second Harmonic Injection

The general block diagram illustrating operationtlod second-order products

injection technique is presented in Figure 4-1.

Main
Coupler amplifier
RF input RF output
> >» G —
_
_
A L

Phase

@ shifter

A

2nd- Order
products

Figure 4-1: Second-order products injection system
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The output voltagd/,,,;(t) of the PA can be represented by the power sefig¢keo
input voltageV, (t):

Vour (8) = g1Vin (®) + g2V5 (8) + g3V (4.1)

For a two-tone input signal, given by

Vin(t) =V - (cos(w;t) + cos(w,t)), (4.2)

the analytical expression for the IM3 componentawied by substituting of (4.2) into

(4.1) and completing trigonometric transformatidosks like:

Vims(t) = %g3V3[(cos(2w1 — wy) t) + (cosRw, — wq) t)] (4.3)

In the obtained expression each summand represenid13 component placed on
either side of the output signal. If second harit®at2w, and2w, are injected, the

input signal may be re-written as:

Vin(t) =V, - (cos(wqt) + cos(w,t)) + V, (cos(Rwit + ¢1) + cos(Rw,t + ¢5))
(4.4)

where ¢; and ¢, are the corresponding phase shifts. By substgu(th4) into the

expression (4.1), the new IM3 is obtained:

Vims(t) = % - gs - V1 *[(cos((2w; — w,) ) + (cos((2w, — wq) )]
+9:V1 - Val(cos((Rwy — w3) t+ @1) + (cos((2w, — wq) t + ¢@5)]

+; - g3 - Vi - VZ[(cos((2wy — w) t + @1 — @) + (cos((2w, — wi) t + @5 — ¢41)]
(4.5)

The derived expression contains the new IM3 compisnavhich can influence the
original one. If the phase shifts apg = ¢, = 180° and the magnitude of the injected

second harmonic is adjusted as:

(4.6),
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the IM3 is reduced. The linearisation performaraeslimited by the third term in (4.5)
as well as the accuracy of practical gain and plaggestments that are done into RF.
The source of the second-order injected produatsbeaa feedback chain of the PA

[4.16], as shown in Figure 4-2.

Main
Coupler amplifier
RFinput - e - RF output
// o
A /
[0) — g
- Band- pass
Phase Auxiliary filter
shifter Amplifier

Figure 4-2: Feedback-based second-order products injectionitir

In Figure 4-2, the band-pass filter is used to cdetbe necessary injected
component, auxiliary amplifier acts as a gain caliér in order to achieve the proper
relation between the amplitudes of the fundamesitalal and the injected signal, and
the phase shifter controls the phase of the injeld#t3 to be opposite to the original one
produced by the main PA. The benefit of using sachystem is its simplicity of
implementation. In contrast, the inability to linsa a wideband PA is its main
disadvantage [4.16]. This is because the signals large frequency differences cause
large phase differences in the created IMD produCtssequently, it is difficult to
adjust the phase of the injected signals and fleeted IMD components do not have a
180-degree phase shift. In order to avoid the maetl problem, the injected signals
can be obtained from other external resource idsfeam a feedback loop. For
instance, they can be generated by another nonlmosaponent, which precedes the PA
[4.3], [4.16].
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4.2.2. Frequency Deference Injection

If a difference-frequency componentw@dt — w, is injected into the fundamental

one, the input signal may be written as:
Vin(@) =V, - (cos(wqt) + cos(w,t)) + V, - (cos (wy — wq)t + @) 4.7)

whereg is the phase of the phase shifter. Substitutin@g a) into (4.1) and completing

trigonometric transformations gives the expresémwrihe new IM3 products:

Vims(t) = % - g3 - Vi[cos((2w; — w3) t) + cos(Rw, — wy) t)]
+92 - V1 - Valcos((2wy — wy) t — @) + cos((Zw, — wi) t + )]
+% g3 - Vi - VE[cos((2wy — wy) t — 2¢) + cos((Rw, — wq) t + 2¢)].
(4.8)

From the obtained expression one can see that njeeted difference-frequency
component results in the appearance of the newttvi8s at the output. In (4.8), the
first line represents the primary IM3 produced bg tPA whereas the second line
represents the additional IM3 components obtaired aesult of mixing the initial

signal with the difference-frequency distortion gwet. If the phase of the phase shift

arep = 180°, and the magnitude of the injected componentjisséel] as

Vz - Vlz,
(4.9)

the terms in the first and second line of (4.8) wilmpensate each other. One can see
this is the same expression of adjusted amplituwlena(4.6) for second harmonic
injection. However, the last line in (4.8) contaittee components which limit the
performance of this frequency deference predistorslystem. They are smaller than the
original IMD and have a minor effect when the PArk#into high back-off region.
However, they significantly degrade the differefimguency predistortion performance
when the PA operates into high compression reg#g],[ [4.16]. Moreover, the
practical implementation has a problem to contrelhagnitude and phase adjustments,
and thus the overall expected linearity is detateEd. This is a result of the

imperfections of the circuits’ realisation.
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4.2.3. Combined Frequency Deference and Second Harmonicjkction

Figure 4-3 shows the block diagram of the approaskd in [4.7]. The
predistorter consists of three paths: linear patimlinear path | and nonlinear path II.
When two signals at frequencies andw,, with respective amplitude$, andA,, is
applied at the input of the RF predistorter, thgpatisignal can be written as shown in
(4.10)

x1(t) = Ay cos(w it + d1) + Aycos (wyt + §y) (4.10)
® >
// -
Phase shifter Low freq.
amplifier
M) \ >\
fdiff %/ feiff| /)X
(X Uk
~ fo - Output
— i utpu
Input ~ :§:§ fin ~
= Vout
Distorter Main amplifier
) a1
></7< 2fo 260 | WA
e (U
Second harmonic
Phase shifter amplifier
o) |

Figure 4-3: RF injection technique using second harmonicfeeguency difference

The output signal in the nonlinear path | can bgressed by

where A;; = (1/2)A§,A22 = (1/2)A§. The output signal in the nonlinear path Il can
be expressed as

C(t) == A33 + A33 COS(za)zt - Za)lt + cl)g) (412)
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whereA;; = (1/2)A§A§. The input signal of the main amplifier becomes

p(t) = x.(t) + b(t) +c(t) . (4.13)
Finally, if the PA is modelled as power series:

y(@) = hyp(t) + hyp()* + hap(t)® (4.14),

and if (4.13) is substituted into (4.14), the obéal third-order IMD products can be

written as

thlAZZ COS(szt - (Ult + 2(1)2)
3
+ Zh3A1A% cos(2w,t — w4 t)
+§A2A22A33h3 COS(za)zt - (Ult + cl)z - (1)1) (415)

h,A;A1 cos(Rw,t — wit + 2d)
3
+Zh3A2A% COS(Z(Dlt - (Uzt)
+§A1A11A33h3 cosRw it — wot + ¢y — dy) (4.16)

while the obtained fifth-order IMD products canweetten as

1
§h2A1A33 COS(szt - 3(l)1t + cl)g)

5
+§h5A§A% cos(2w,t — 3w4t)

(4.17)

1
§h2A2A33 COS(Zwlt - 30)2t + q)3)

5
+§h5A§A§ cos(2w;t — 3w,t).

(4.18)
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The third terms in (4.15) and (4.16) are small amparison to the others and can be
omitted. When

| &1 I=1 ¢y 1= 90° 419

the 3%order IMD products are cancelled. TH&&der IMD products cancellation can

also be achieved by the condition

| ds 1= 180° (4.20).

4.2.4. Combined Frequency Deference and Third Harmonic Ingction

It is assumed again that the main amplifier istegldo its input through a power

series as follows:

Vout = Vi + BVE + V3 + dVE + eV ... (4.21)

The distorter in Figure 4-4 has the purpose oftorgasignals at both the frequency
difference and triple frequency, from the fundanaéfitequencies [4.9]. Th§ andf,
are the fundamental frequencigg;rr = f, — f1 is the frequency differencdy;¢, is
the amplitude of frequency difference signal afd,,. is the amplitude of the triple

frequency signal.
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Figure 4-4: RF injection technique using third harmonic aregdjfiency difference

The amplitudes of the difference and triple frequyesignals at the input of the main

amplifier are:

Vinain_aiff = aniffef‘bdiff 42)

and
Vmain_triple_i = ﬁVtriple_iejq)triple (4-23)

wherea and B are the variable gain of the difference and trijpeguency phasors,
bairr @anddripe are the variable phase shifts of the difference tiple frequency
signals, respectively. Symbbk 1,2 in (4.23) refers to one of the two triple frequgnc
signals. If the fundamental frequency signals aressumed to have
amplitudesd/;qin_runa_i» then the signal at the input of the main ampliftan be

expressed as

Vi = Vmain_fund_l COS(Zﬂflt) + Vmain_fund_z COS(Zﬂth)
+aVgirrcos [(2n(fy — fi)t + Pairr]
+ﬂVtriple_1COS [(27T(3f1)t + d)triple]
+.8Vtriple_zcos [ (27T(3f2)t + cl)triple]
(4.24)
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wheref, > f; . When the expression (4.24) is inserted in (4.219 conclusions can be
derived. First, the IM3 component due to the fundatal frequency mixing can be
compensated by the second order mixing of the leguency injected signal with the
fundamental frequency signals. By assuming thatftimelamental frequency signals

have the same amplitudg,,;, runa, the condition for zero IM3 is

_ 3C(Vmain_fund)2

a and q)dl'ff = 180°

(4.25)

The second conclusion is that the injection of thféerence frequency signal also
produces some unwanted signals which fall at taguiency of IM5. The condition for

total IM5 cancellation is

| 3ca?Viirr — 12da?Vain runaVairs + 10€Viain funa |

3CVmain_fundVtriple
(4.26)

and

tripte = 180°0r 0 (4.27)
whered,, . is selected depending on the sign of the nominat@*.23).

To summarise, if conditions (4.25) and (4.26, 4.2® met, both IM3 and IM5
can be eliminated theoretically. Condition (4.28h de met independent of condition
expressed in (4.26) and (4.27). In other words,nM4e26) and (4.27) are adjusted by
the triple frequency signal, it does not affect IbEhcellation.
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4.3. Baseband Components Injection Digital Predistortion

The baseband components injection is a relativelyeh DPD methodology
initially proposed in [4.12] where the idea of icijeg of the third- and fifth-order in-
band distortion components in a baseband blockrapgsed and investigated for a
hardware implementation. This technique is desdribehis Section.

The PA nonlinearity is modelled by a fifth-orderlypmwmial expression as

follows:

Vout (£) = g1Vin(@®) + 9:Vii + 93Vix + 94Vik + 9sVix, (4.28)

whereV,y (t) is the input voltage of the PA agdl, 9., 93, 94, g5 are coefficients of the
nonlinear polynomial function. A cosine input sigvath the amplitudeV,(t) and

phasep(t) looks like:
Vin () =V (t) cos(wt + <p(t)) (4.29)
The input signal (4.29) can be re-written into @etesian form as follows:
Vin(@) = V(I(t) cos wt — Q(t) sin wt) (4.30)

where v = %@, 1) = =2 cos(p(D)), Q) == sin(p(®)), and

I1(t)? + Q(t)? = 1. After substituting (4.30) into (4.28) and compigt trigonometric

transformations, the fundamental-frequency pathefoutput signal can be written:

3V2 3 12 2
VSR (©) = gyVin(t) + 20O+ )

5V4gs(12(t) + Q%(D)”
+ 8

Vin (t)

Vin (6)
(4.31)
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In the obtained expression, the first summand & lthear amplified input signal,
whereas the second and the third terms are tharid-Histortion components produced
by the #- and §-order nonlinearity, respectively. The main ideahi$ approach is to
inject those components in the baseband block thihrsame amplitude and fg6hase
shift in order to compensate for the in-band distarof the PA. For a baseband DPD

system injecting theBorder distortion component, the input signal cambitten as:

VRPP(©) =V - {1 + a(I?(®) + Q%(D))} - [1(¢) cos(wt) — Q(¢t) sin(wt)]
(4.32)

Figure 4-5 shows the schematic of the predistdotesed on injecting the™Sorder
distortion component [4.12]. THeQ, andI?*+Q? signals are generated in the baseband
block and used for creating the predistorted sigabrding to (4.32). The amplitude
and phase of the injected component can be obtdigethe amplitude adjustment
blocks a and phase shifter¢ correspondingly. The predistorted signal is thea u
converted and passed through the PA. After sulisiifu(4.32) into (4.28), the new

fundamental-frequency output signal can be wrigdgn

Voor” (t)3= 91Vin () + g1alI?(8) + Q2 (D)]Vin (0)
+Z - gs - VE[I2() + Q*(®)] - Vin(t)

9
+t7 90 a VEI2(t) + Q*(D)] - Vin (1)

+% gz - a?-VA[I?(0) + Q*()] - Vin ()
(4.33)

wherea should be adjusted as

3V2g,
49,

a =

(4.34)

in order to compensate for the IM3 distortion.
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In (4.33), the second and third terms compensath ether, whereas the fourth and
fifth terms appear as the new distortion introdud®d the injection. These new
distortion components are smaller than the origthstiortion. However, they limit the
potential linearisation performance of this teclusigespecially in case of highly
nonlinear PA. This phenomenon is known as the disto compensation limit [4.12],
[4.15], [4.16].

The advantages of the described method are smzallasid low computational
complexity as well as simple integration and piadtirealisation compared to the
Volterra-based, ANN-based, LUT-based and polynofnégsled DPD. The main
disadvantage is limited linearising performance tuthe distortion compensation limit
and memory effects. Moreover, due to the fact thattechnique is implemented in
open-loop, an adaptation algorithm should be dgesian such a way, that it will not

dramatically increase the overall complexity oflision.

4.4. lterative Injection Digital Predistortion

This method was developed with the idea to overcpmexiously described
distortion compensation limit of injection [4.15.16]. Non-linearity of a power

amplifier (PA) is expressed in a polynomial form:

Vour(t) = X224t g VE () (4.35)
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where V5 (t) is the input voltage of PA written in Cartesianrnfo (4.30). After
substituting (4.30) into (4.35), the distorted autgignal at the fundamental frequency

can be expressed as:

P
VEGTP () = 91 - Vin () + [Z b1V gars1 [12 () + Q2(®)]¥] - Vin (©)
k=1

(4.36)

where2p + 1 is the order of the polynomial model (4.39);,1 IS an element of the
mathematical series described in [4.15]. The §itshmand in (4.36) is the desired linear
signal, whereas the second one is the sum of thand distortion components produced
by the odd-order polynomial terms. In order to pemsate for the nonlinearity, the in-
band distortion components are injected into thtrsignal with the same amplitude,
but out of phase:

Yhoe1 Gaia1 (D)

1

Vn(vl)(t) = Vin(t) — Vin(t)

(4.37)
where V“(V”(t) is the input signal predistorted with one injeatiof the in-band

distortion components, ar®,; . (t) is defined as:

Gar+1() = baps1VH o a [I7 () + Q*(D)]*
(4.38)

After substituting (4.37) into the generap + 1-order nonlinear model (4.35), the

output signal can be written as:

Z£=1 Gop+1(t)

2
P ) VA () + g3

P
Vo(Lll)T =gy Vin(@®) — Z Gop+1(t) - Vin(@®) + g5 - <1 _
k=1

p 3 p 4
_ <1 Y= 221k+1(t)> V) + ga <1 k=1 221k+1(t)> VA )
» 5
+95.<1_W> .Vﬁv(t)+...
(4.39)
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whereVO(Ll,)T is the total output signal after predistortiontbé input signal with one
injection of the in-band distortion components. Bwen-order terms of the polynomial
model do not produce in-band distortions. In castirthe odd-order terms generate in-
band distortions components at the fundamentaluéeqgy, which are described

analytically as the following mathematical operator

92101 VATH(E) = Gopyr (O)Viy (0) (4.40)

This notation indicates that the in-band distortioomponentG, ., (t)V;y(t) is
produced by the odd-order polynomial teggy. V2A¥*1(t). In other words,
Go+1()Viy(t) has a one-to-one correspondence with the e VAKTL(0).
Therefore, each odd-order term of (4.35) produdes torresponding distortion

component at the fundamental frequency:
(Gar+1 VR T E)FUND = G (Vi (0) (4.41)

Using (4.37), the output signal at the fundamefrequency after predistortion of the

input signal with one injection of the in-band diston components can be expressed:

p
V()(LIJ)TFUND = g1 Vin(®) — z Gap+1(t) - Vin ()
k=1

1— Zzzl Gox+1(t)

1

p 5
+Gs(b) (1 _ k=1 (;zlkﬂ(t)) Vo (6)

+G3(t) - ( > Vin (t)

(4.42)

As can be seen from (4.42), after completing orjection, the original distortion

components are compensated for. Indeed, the oltakpression can be re-written as:

Vo(Lll)TFUND =g, - Vin(t) + G3(¢) -

14 (1 _ Zi:l GZk+1(t)>5

g1

Vin (t)

g1

14 (1 _ Zzzl GZk+1(t)>3

+Gs(t) - Vin () ...

(4.43)
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After expanding the brackets in (4.43), it can bsilg shown that the initial distortion
components are compensated for. However, the nstertion components caused by
the initially injected signal appear. Thereforeisinecessary to recalculate the new in-
band distortion components and to compensate &n tturing the next iteration. The

new predistorted input signal at the second itendtboks like:

(1)
G (®)
@(t)—vm(t)——;"“ -
1

Vin ()
(4.44)

where Gz(,lcll(t) is the magnitude factor of the2K + 1)—order in-band distortion

component after the first iteration. It is obtairfemsm (4.43) as follows:

(1 3P, Gzl-ﬂ(t))z"“
91

When the procedure is repeated once again, the indvand distortion

G (D) = Gopeaa (B) -

(4.45)

components are calculated and the expressiontidoinjected signals in next iteration
are obtained. Deductively, on the-th iteration, the predistorted input and the

corresponding output signals can be written as:

(m) G
anm ) =Vin@®) — 1 ; + - Vin (0,
1

(4.46)

VO(Z?FUND — gl * VIN(t) + (Z GZ(‘I,(n-al) * VIN(t)J
) (4.47)

2k+1
ZP G(m 1)(t)
Gaenn (0 = Gy (©) - [-1+ (1
g1

(4.48)
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where n =2p +1 — is the order of the polynomial model amj;("jl(t) is the
magnitude factor of an odd in-band distortion comgu at them-th iteration.
Equations (4.46)-(4.48) represent the general matieal model for the proposed
baseband iterative injection DPD technique feorder polynomial model anan
iterations [4.15], [4.16].

The described baseband digital predistorter inqatps iterative injection of the
in-band distortion components, which are generatgidg the following parameters:
number of iterationsn, polynomial coefficientg,,,, of then-order nonlinear model,
and derived coefficients,, , ;. The latter is fixed, whereas the paramete@ndg, .
depend on the particular PA and can be adjusteel.pftpposed DPD requires iterative
updates of the magnitude factors of the injectgdas for each injection, which can be
accomplished in a DSP block.

Figure 4-6 illustrates the operation of the proplogmgital baseband predistorter
with iterative injection algorithm [4.15], [4.16The signal source generates input data,
which are mapped to the required modulation typd divided into thel and Q
components. ThedeandQ signals are used to calculate the mean veélaé the input
signal magnitude. Thé and Q are then multiplied by ¥ for normalisation. This
procedure is done in order to achiéve- |V;(t)| and not to affect the mean power level
by predistortion. The proposed baseband predistortiescribed in (4.46)-(4.48) are
applied to the normalised signal compongMftS' andQ™'™. After this step, the signals
are multiplied byV for de-normalisation, filtered with low-pass ralseosine filters,
and transferred to the I/Q modulator. Finally, tdie#ained RF signal is passed thought
the PA to the output of the transmitter.
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Figure 4-6: Block diagram of the digital predistorter usingrétive injection of the in-
band distortion components

4 5. Conclusion

The injection-based linearisation approaches wescnibed in this Chapter.
Firstly, the initially proposed solutions implemedtin RF were depicted. Secondly, a
description of the injection-based techniques imgeted as DPD was given. In
general, linearisation methods based on injectigor@ach have smaller complexity
compared with the other proposed techniques folimearity compensation purposes.
Due to this fact, these techniques are used asia o developing of advanced DPD
linearisation methods and this separated Chaptéedgcated to them. However, there
are number of problems that seriously deteriofagepractical implementation of these
techniques in modern wireless transmitters. Thestiexj injection-based techniques
were tested in open loop and due to that factpat@daptive and have limited usage in
real transmitters. In addition to this, there was axperimental evidence how these
techniques behave with 4G signals having very égiamplitudes. Also, there are no
injection-based solutions for multi-frequency andltivbranch MIMO transmitters. As
will be shown later, the application of the presosolutions in these transmitters is
impractical for several reasons. The advanced isolitthat overcome these problems
will be presented in the following Chapters.
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5. Adaptive DPD for 4G Wireless Transmitters

5.1. Introduction

A new adaptive DPD technique for 4G SISO wireleasgmitters is described
in this Chapter [5.1]. The technique is based oaptide iterative injections of the
in-band distortion components. In comparison wiih previously proposed DPDs, this
method has two important advantages. First, it use$ multiplications and real
additions only and avoids complex Volterra, LUT polynomials [5.2]-[5.4] for
nonlinearity compensation. Secondly, in contrasiveéxisting injection-based DPD
[5.5]-[5.7], the technique uses adaptive architex{.3], and therefore, is adaptive to
the variation of PA nonlinear transfer functionrgeal environmental conditions. The
proposed DPD is verified experimentally using mitian 10 dB peak-to-average power
ratio (PAPR) 5-MHz downlink Long Term Evolution (EJ signal. This is the first
injection-based technique experimentally verifigdiging high PAPR signal such as
LTE.

5.2. Proposed Approach

The nonlinear behaviour of a PA is modelled by lympamial expression [5.7]:

Vour () = Xik=1 gkVi5 (®) (5.1)

whereV,y(t) is the input voltagey,, g5, gs,... are polynomial coefficients, ard is
the order of the polynomial model. For a digitathodulated signal with variable
amplitudels(t) and phase(t), the input signal can be written using the in-ghids)

and quadraturé (t) components:

Vin (@) = Vs(t) cos(wt + (p(t)) =V (I(t) cos wt — Q(t) sin wt) (5.2

where the average value of the amplitude/ is |V;(¢)| , andI()2 + Q(©)2 =1 .
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The total output signal is obtained after substitu(5.2) into (5.1). It can be
written as a sum afos(i - wt) terms, where =0, 1, 2... . The term containings(wt)

is the fundamental-frequency part of the outputaigderived as follows:
k
VEirP (@) = (91 + Z£=1 b2k+1V2k92k+1(12(t) + Qz(t)) )VIN(t) (5.3)

whereb,; ., are the mathematical series of the in-band distortbefficients presented
in [5.7] and »+1 is polynomial order of PA. Apart from the desdirdinear
part g,V;x(t), the output signal (5.3) contains in-band distertcomponents from all
the odd-order terms of the polynomial model. To pensate for these distortions, an
injection of the odd-order distortion componentwipposite phases is used here. The
injected components generate new distortion predubile compensating for the initial
distortion. That new distortion is suppressed leyftllowing steps:

1. injecting the opposite odd-order distortion caments into the initial input
signal at baseband,;
2. re-calculating the new in-band distortions;

3. repeating injection until the specified linsation degree is achieved.

The steps mentioned previously can be appliexhyoorder of PA nonlinearity
and injections’ number depends on required perfanes. The mathematical model of
the proposed iterative predistortion technique @p+1)-order nonlinearity andn

iterations is given by the following equations:

1 _
Vv (© = Vin (@O = Sk, G (©) (5.4)
_ _ _ 2k+1
6 ® = 6@ -1+ (1- 230,657 0) | (5.5)
where
Gorr1(t) = Daisr * Ganr [V (O] (5.6)
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represents the magnitude factor of &HD)-order in-band distortion component and

Gz(;cnjl(t) is the value ofG,,,;(t) on themth iteration. The proposed predistorter
shown in Figure 5-1 consists of two parts: feedb@i) and feedforward (FF)[he
coefficients of PA transfer function are extracted FB block using least square
regression (LSR) methodology [5.8]-[5.10]. An ialtDPD signal and down-converted
PA output signal are used as LSR input and LSRetargspectively.

FF
I | copy of Calculated | ldpd DIA v
_— Coefficients Conversion
- 5 y u & rsion — PA -
Q " Idpd and ded Qldpd/| UPconversion
72 Generation

/

/
Z FB
Baseband LSR Downconversion
Coefficients’ & ]
Extraction A/D ¢« 1/Glinear
Conversion

Figure 5-1: Functional block diagram of the proposed predistor

After that, the obtained coefficients are copied RB block and used for
generation of predistorted ddd and Qipd signal components which are baseband
equivalent of (5.4)-(5.6). Therefore, the proposeddistorter is based on adaptive
architecture [5.3] and as such is adaptable t@amaheous variations of PA transfer
function. It should be noted that the direct leagnbased adaptive architecture [5.3] is
used here only for the extraction of the PA’s polymal coefficients. In other words,
the calculation of the digitally predistorted sigrindependent of the adaptive direct
learning architecture. Therefore, it can be conetudhat the used adaptive DPD is
based on simplified direct learning architecturs. dan be observed from (5.4)-(5.6),
the mathematical operations are restricted to medgtiplications and additions only
which is significant DPD complexity reduction in maparison with using complex

Volterra, LUT, or polynomials for nonlinearity compsation purposes.
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5.3. Least Square Regression (LSR)

The LSR approximation can be described as follkwsus suppose that a set of
experimental data is obtained mpairs of an inpuk and the corresponding outpyt
variables: X1, y1), (X2, ¥2), (X3, ¥3),-.., (Xn,Yn), Wheren is number of samples.

Then, the sum of squared residuals between theumeghand modelled down-

converted data samples can be written as:

S= Z[Yi - 5il?
i=1
5.9)

where {y;} and {j;} are the measured and modelled output data raspctin relation

(5.7), the approximating function is given in tloerh of:

(5.8)
An example of the measured set of datg {; } for a ZFL-500 PA is illustrated in
Figure 5-2.
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Figure 5-2: AM/AM characteristic used to extract the memorglesodel for
ZFL-500 PA
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Then, (5.8) can be re-written as:

S = Z[yl- — (ayx; + asx? + asx? + -+ aMle)]z

(5.9
or
S = [y1 — (a1x; + azxf + asxg + - + ayxy")]?
+ [y, — (a1x; + azx3 + asxd + -+ + ayx¥)]?
+ [ys — (@yxs + azx3 + asx3 + -+ ayxdH]* +
+ [yn - (alxn + a3xn + asxn + -t ayxy )]
(5.10)
The partial derivatives @ with respect ta,;,; look like:
ds
Ta = = 2x,[y; — (ayx; + azxd + asxd + - + ayx!h))]
a4
+ 2x,[y, — (agx; + azx3 + asxs + -+ ayx3] ...
+ an [yn - (alxn + a3x731 + ann t et amxn )]
(5.11)
da. - 2x3[y1 — (@1 + azxf + asxf + - + ayxi")]
3
+ 253y, — (a1xp + azx3 + asx3 + -+ ayx;)] ...
+ an [yn (alxn + ann + asxn t+ ot ayxy )]
(5.12)
ds
— = 2x,"[y; — (a1x; + azx3 + asx} + - + ayx})]
day
+ 2x,™ [y, — (agx, + azx3 + asxs + - + ayxiN] ...
+ 2x, ™[y, — (a1x, + azx3 + asxy, + -+ ayxM)]
(5.13)
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B _0... 5 —0 the

After equating the obtained derivatives to z80=0 .
daq das day

following linear system of equations with respect§, ., can be written:

X1Y1+ XYz + 0t Xy
=a;(xf+ x2+ .+ xD)+ az(xf+ xF+ ..+ xp
+ as(xP+ x5+ .+ x) + -+ ay M+ A+ L+ M

(5.14)

Xy + X3y, + o+ X3yn
=a;(xf+ x5+ o+ x)+ ag(xf + x5+ ..+ x5)
+ as(x®+ 28+ L+ xl)+ -+ ay (M3 + M3 L+ XM

(5.15)

Xty + x5y, e Xl
=a; (e + M+ L) 4 a3 x4 XM )
+ as(™ + ) L) e ay EM + xS M)

(5.16)

As {x;} and {y;} are the known sets of data, where- 1, 2, ..., n, the system of
equations (5.14)-(5.16) can be written in a comfach:

S,aq + Spaz + Sels + -+ Sy+1am = tl
(5.17)
< S,aq + Sel3 + Sglsg + -+ SmM+3aym = t3

(5.18)

\  Sm+1Q1 T Sm4303 + Syy45as5 + -+ Syyay =ty

(5.19)

where
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(5.20)

n
4= z YiXi
i=1

(5.21)

In the system (5.17)-(5.19), the number of equatimorresponds to the degree
of the model. After solving this system, the valugg,,; are obtained. Therg,,,; are

calculated as:

_ Qok+41
J2k+1 = bor
2k+1

5.22)

The method of extracting-coefficients described above offers an excellent

accuracy of approximation, which will be verifiedperimentally.

5.4. Experimental Results

Experimental setup used in this work is shown iguFé 5-3. At first, 5-MHz
downlink LTE signal with 300 data subcarriers aid fsize 512 was created in Matlab.
Created signal was download to the Agilent MXG NBA&ignal generator via General
Purpose Interface Bus (GPIB) where it was up-cdedeto RF (downloading process
was performed by Agilent Signal Studio Toolkit assnce). MXG RF output signal is
passed through Device Under Test (DUT) Mini-CirsutFL-500 PA (21 dB gain,
output P1dB +10 dBm, IP3 +19 dBm) which was driverhard compression region.
Finally, signal is down-converted by Agilent Vectdignal Analyser and captured on
PC by Agilent Distortion Suite software. Followitigat, the captured signal was used
for further processing and analysis. MXG Event fand 10 MHz reference were used

for VSA analyser synchronisation with MXG signalusce. The described DPD
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approach has been implemented in Matlab. After &acation, the predistored | and Q
signal components were downloaded to MXG signaleggor again and whole

experimental process was repeated until transméterhed the specified performance.

PC
_cpB | | B | GPIB
e A
Agilent Signal  yjaihWorks Distortion Suite
Studio Toolkit Matlab 89604 A
10 MHz REFERENCE EXTERNAL
10 MHz EVENT 1  REFERENCE
ouUT ouT TRIGGER TRIGGER] IN
e .= I7 : B
. =y _,ji h- E§ |
S — -_—" = A e
MXG-NS182A  DUT | ' VSA E4406A

Figure 5-3: Experimental setup

The spectrums of linear PA output signal, PA otigagnal without DPD and
PA output signal obtained after using three iteratiof7"-order polynomial adaptive
baseband iterative injections DPD are shown in féigh-4. As can be seen, the
spectrum regrowth suppression of about 10 dB wheeaed. The PA output spectrum
in case of using proposed DPD technique is almiostsame as linear PA output
spectrum whereas the measurement system noiseideaghieved. Also, the measured
Error Vector Magnitude (EVM) is significantly reded from 7.4% to 0.8%.
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Figure 5-4: Spectrum regrowth improvement of PA downlink LTignsl

5.5. Conclusion

The proposed nonlinearity compensation technigsedan iterative injection
approach has been successfully attested by meamgefiments. This is the first time
that injection-based DPD technique is experimentaroborated with very high peak-
to-average ratio 4G LTE signal. Furthermore, coragdo previously introduced open-
loop injection methods, this technique uses adamigsed-loop DPD architecture. The
proposed DPD approach has low memory requirememtssamputational complexity.
Therefore, it should be considered as a serioudidate to become a predistorter part

for nonlinearity compensation in modern wirelessismitter applications.
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6. 2-D DPD for Concurrent Dual-band Transmitters

6.1. Introduction

In this Chapter, a new memoryless two-dimensio@aD) DPD technique for
concurrent dual-band wireless transmitters is enpth [6.1]. As will be shown, the
existing injection-based techniques [6.2]-[6.8] mainbe used in concurrent dual-band
wireless transmitters. For that reason, the irgpeebased DPD theory is expanded to be
applicable in concurrent dual-band transmitterse Pploposed DPD approach is based
on simultaneous injection of the in-band IM and Givbducts, and intentionally
avoiding using complex polynomials, LUTs, Volterray ANN approaches for
nonlinearity compensation purposes [6.9]-[6.14].eThdvantage of the proposed
approach lies in its simplicity in comparison witstate-of-the-art approaches.
Furthermore, the performances of the proposed DRBDitacture do not depend on
frequency separation between bands in concurreadtldhnd transmitter. The proposed
DPD is experimentally verified using ZFL-500 PARST. The real WCDMA signal at
400 MHz and 3-MHz LTE signal at 500 MHz are used tasting signals in
experimentally emulated concurrent dual-band traitem The technique presented in
this Chapter presents an excellent basis for dpedlcomplete, general DPD approach

described in Chapter 7.

6.2. Proposed 2-D DPD

The nonlinear behaviour of a PA is modelled by ympamial expression in both

frequency bands of concurrent dual-band transmitter

Voor(t) = X0y g v () (6.1)
AOEDYEY I A 6.2)
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()

whereV;y (t) is the PA input signa!g,(cl) andg,~ are the coefficients of the polynomial

models withN and M order in each band, respectively. The PA inpubaigan be

represented as a sum of digitally modulated signag¢sich band:

Vin(@® = VP + P =

Vs1(t)co s(wlt + (pl(t)) + Vs, (t)co s(wzt + <p2(t)) (6.3)

For these digitally modulated signals with variabheplituded/s, (t) andVs, (t)
and variable phases, (t) and¢,(t), the input signal can be written using the in-ghas

I, (t) andl,(t) and quadraturé, (t) andQ,(t)components:

Vin (@) = Vi1 (t) cos wit — Q1 (t) sin w,t) + V,(I,(t) cos w,t — Q,(t) sin w,t)
(6.4)

where the average value of the amplitudes lare |V, (0)|, V, = |Vi,(t)|, and

L2 +0:(0)? =1, ()% + Q2(0)* = 1.
The total output signal is obtained after substiut(6.4) into (6.1) and (6.2)

with N = M = 5. It can be written as a sumafs(iw; *+ jw,)t terms, where, j =0, 1,
2... . The terms containingos(w,t) and cos(w,t) are the unwanted fundamental-
frequency parts of the output signal related tdhdsmnd. The other terms are considered
to be far enough from the concurrent operating bamahd therefore can be easily
filtered out. The fundamental-frequency parts & tutput signal related to each band

are:
Vour P (0) = Vi (Olgy” + 395 V2R + 0D +
5 3
2 gs VI UZ + QD) + ;gg”vz (I3 + Q) +
1)V4 I 2,15 (1)V2V2 12 2y(]2 2 6.5
(2+Q2)+495 Vs Ui + Q1) U3 + Q3)] (6.5)
and
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VPP = VP 0197 +2gPVE03 + 0 +
5
gPVEIZ + Q)2 + 3 93”1/1 (U2 +Q2) +

2 g PVEUE + QD) + 2 g P VEVEUE + Q) (UE + 03] (6.6).

Apart from the desired linear partgf)vu(\,l)(t) and gf)l/“(vz)(t), the fundamental-
frequency output signals (6.5) and (6.6) contastodtion components from all the
odd-order terms of the polynomial models. In addgitio IM distortion specific for the
conventional transmitters, the (6.5) and (6.6) aonCM products caused by interaction
between frequency bands in concurrent dual-bam$rnméters. To explain, the second
and third terms in (6.5) and (6.6) are related hwdt and fifth-order in-band IM
products (IM3 and IM5), the fourth term is relatedthird-order CM product (CM3)
and fifth and sixth terms are related to fifth-ar€&M products (CM5). In order to
compensate for these distortions, a simultanegestian of the in-band IM3 and IM5
together with CM3 and two CM5 products, all withpogite phases, is proposed for
both frequency bands in concurrent dual-band tratesmThe total predistorter output
signal with injected in-band IM and CM distortiommaponents consists of the two

terms related to each frequency band:

Vorp () = Vipp (&) + Vi (8) (6.7)
where
Vapp(®) = VP (O1 + ay (12 + Q) + b, (12 + Q2% +
(2403 +d (12 +05)? + e (I + Q) (U2 + Q3)] (6.8)
and

V2 (&) = VOO + ay (12 + Q2) + b, (12 + Q2)? +
62(11 + Qf) + d2(112 + Qf)z + 32(112 + Qf)(lzz + Q%)] (6-9)
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When substituting (6.7) instead of (6.4) in (6.1)da(6.2), the new fundamental-
frequency signals, in addition to in-band IM and @¥ms from (6.5) and (6.6), contain
the same in-band IM and CM components with coeffitsa,, b,, ¢;, d;, e; anda,,
b,, c,, d,, e,, for each band, respectively. Therefore, theahitiistortion from (6.5)
and (6.6) can be suppressed by proper tuning ofntbretioned coefficients. If the

coefficients are set as follows:

(1)

3 5 3
a; = — g?T) Vi by = - g?m Vit e = 9?1) 5
495 89, 29;
(1) N
_ 1595 1,4 _ 1595 ;00,2
d1 = [€)) Vz 161 = — (1) Vl VZ (610)’
891 49,
2) (2) (2)
393" 2 _ 595 4 393" ;2
a, =——xVs, b, = — G V2 G2 =——xzV
1 1 1
@ (2)
_ 15957 ;4 — 1595 ;21,2
dz — __(2) Vl y 62 - - @) Vl Vz (611),
8g1 4g1

the initial distortion from (6.5) and (6.6) will beompensated for, andVO(ll,)T(t)

- gPr P, VB - ¢P1P(t). The described simultaneous injection DPD

architecture is shown in Figure 6-1. The prediet(brtID(}l,)D, D(}l,)D, ID(% and QD(?D

signals’ components are the baseband equivale(@.8f and (6.9). The mathematical
operations in these equations are restricted tbmedtiplications and additions only
which is significant DPD complexity reduction in mparison with state-of-the-art.
Also, the proposed approach requires memory foy s;xl PA polynomial coefficients,
three for each frequency band in case of usingarddr polynomial terms. One can see
that the technique is derived here for fifth-org@ynomial model. In case of using
third-order polynomials, it will be only two polynmal coefficients to be adjusted
during the characterisation procedure and the pwadonce of PA modelling will be
seriously degraded. This was proved in experiméstion 6.4). It should be noted
that even-order polynomial terms can be used irerotd increase PA behavioural
modelling performances and they do not have a timggact on fundamental frequency
response of the PA. Also, the proposed theory @extended to be applied for any
degree of nonlinearity as will be discussed in G&ap.
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Figure 6-1: Functional block diagram of proposed predistaaten part of concurrent
dual-band transmitter

6.3. Experimental Setup of Concurrent Dual-band Transmitter

The experimental setup is shown in Figure 6-2s itonsisted of the two signal
generators, ESG E4433B and MXG N5182A, used to amutoncurrent dual-band
transmitter. The 5-MHz wideband code division npldiaccess (WCDMA) and 3-MHz
long term evolution (LTE) signals were created iatldb and downloaded to ESG by
using Advanced Design System (ADS) and to MXG byngiAgilent Signal Studio
Toolkit. The combiner was utilised to combine thgnals on different frequencies
(fi = 400MHz, f, = 500MHz). The combined signals were passed through Device
Under Test (DUT) Mini-Circuits ZFL-500 PA (21 dBigaP1dB +10 dBm, IP3 +19
dBm) which was driven in hard compression regidme PA output signals were down-
converted with Vector Signal Analyzer (VSA) and wwapd on PC by 89600 VSA
software in two steps, one for each band separaldélgse signals were then time-

aligned with corresponding input signals.
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Figure 6-2: Measurement setup of concurrent dual-band tratesmit

6.4. Proposed Dual-band PA Characterisation

The polynomial models (6.1) and (6.2) of consideDd#dT were obtained for
both frequency bands using continuous wave (CW)sorement procedure. To show
difference in nonlinear characteristic, the procedis applied in both, single and
concurrent dual-band transmitter mode. To clamien both generators are ON, an
experimentally emulated transmitter operates incament dual-band mode. A least
square regression (LSR) is used for polynomiainfittof measured data. In case of
using third-order polynomials for ZFL-500 PA modial, mean square error (MSE)
was above -30 dB in both frequency bands. Theseceptable PA modelling
performances lead to poor DPD performances at tipud of concurrent dual-band
transmitter. Therefore, the fifth-order polynomialere used in order to decrease MSE
bellow -40 dB. The measured and modelled trandfaracteristics as well as measured
and modelled PA gain in single band and concurmeat-band modes are compared in
Figure 6-3 and Figure 6-4, respectively. As carsé&en, when the PA operates in dual-
band mode, thé>1dB compression point is notably decreased. lerottords, PA
nonlinear behaviour will be significantly stronger dual-band mode. Therefore, PA
must be characterised in dual-band mode. Otherwistng of standard CW
characterisation for both bands separately willossty degrade the performances of
proposed DPD. The obtained polynomial coefficieotsPA extracted in transmitter

dual-band mode were then used for calculating effents of injected IMs and CMs.
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Figure 6-3: Comparisons of measured and modelled ZFL-500 Baster
characteristics in single and dual-band transmitiede: (a) operating frequency 400
MHz (b) operating frequency 500 MHz
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Figure 6-4: Comparisons of measured and modelled Gain inesiagtl dual-band
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6.5. Experimental 2-D DPD Results

The described DPD approach has been implementi®thiilab. The predistored
| and Q components for each signal were downloae®&SG and MXG signal
generators. In order to show the effectivenesshefpgroposed simultaneous injection
approach, the existing injection-based DPDs [6[8]7] are also considered. These
techniques have not been tested in their origioih$ due to impractical sampling rate
requirements for the DA convertors. In other wortthgir sampling rates depend on
frequency separation in concurrent dual-band tratesm However, for the testing
purpose in this type of transmitter, the approadbed, [6.7] were modified in such a
way that they were applied in each band separaidig. spectrums of PA output in
single-band case without DPD (short dash blue),d@#pout in concurrent dual-band
case without DPD (thicker solid red), and PA outpfier using modified DPD [6.3]
(dash doted black), modified DPD [6.7] (long dasbey) and proposed simultaneous
injection DPD (solid brown) are shown in Figure 645 can be seen, the distortion
level is significantly higher in concurrent casetfbgenerators ON) in comparison with
conventional single-band (one generator OFF). T@iel distortion caused by
interaction between frequency bands, does not aliswg of modified [6.3] and [6.7]
in concurrent dual-band transmitters. They canmohpensate for even in-band IM
distortion and, worse yet, can degrade performamtesome cases. The proposed
simultaneous injection of in-band IM and CM diskont products approach improves
EVM more that 17 dB and spectrum regrowth more th@ndB in both operating

frequency bands of concurrent dual-band transmitter
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Figure 6-5: The PSD responses in both operating frequenciesrafurrent dual-band
transmitter:

(@) fiower = 400MHz, (b) fupper = 500MHz
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6.6. Conclusion

A new 2-D DPD based on simultaneous injection ef itvband IM and CM
distortion components was presented and verifiedutth experiments. To the best
knowledge of the author, this is the first 2-D otjen-based DPD technique. It has been
clearly shown that the technique outperforms cotiweal injection-based techniques
in terms of EVM and PSD performances when they wested in emulated concurrent
dual-band transmitter. The proposed technique doedepend on frequency separation
between bands and has low complexity in companigitim state-of-the-art techniques.
According to the obtained results, the method aam Iserious candidate to be utilised

for nonlinearity compensation in modern concuriciml-band wireless transmitters.
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7. A Generalised Linearity Enhancement Architecture for
Concurrent Dual-band Transmitters

7.1. Introduction

A novel generalised iterative 2-D DPD architectfwe concurrent dual-band
wireless transmitters is described in this Chapidrs generalised injection-based
linearisation solution for concurrent dual-bandngmitters represents the main
contribution of the thesis and was published id][7This methodology is an extension
of the technique described in Chapter 6. The teglmis further generalised to any
degree of nonlinearity and iterations’ number. Mspeecifically, an initial injection
approach presented in Chapter 6 is extended hegereralised iterative injection
approach, which is used to overcome distortion amsption limit phenomena in
concurrent dual-band wireless transmitters causenhibal injection. In other words,
the proposed approach is based on simultaneowadiviernjection of the in-band IM
and CM products. Moreover, in comparison with poegly tested memoryless ZFL-
500 PA, it has been shown in the experiments th&t 2162-P3 PA (14 dB gain, P1dB
+37 dBm) exhibits memory effects that degrade #ropmances of the proposed DPD
at the output of concurrent dual-band transmifiére presence of memory effects are
detected by concurrent two-tone test and it issotfld as an imbalance between lower
and upper third-order in-band IM, near CM and fa @istortion components in both
frequency bands. These memory effects caused bydney dependent behaviour of
PA are minimised in frequency domain by using basdb symbol adjustable
normalised inverse &-parameter parallel multiplication. This procediseerformed
separately for both bands of concurrent dual-besnastnitter.

The advantages of the proposed linearity enhanceaneinitecture are:

1. simplicity in comparison with state-of-the-art sobuns because the proposed
one intentionally avoids using of complex polynolnid UTs, Volterra, or

ANN approaches for nonlinearity compensation puesps
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2. capability to deal with distortion compensation itimsaused by an initial

injection;

3. capability to deal with memory effects;

4. independency on frequency separation between bands.

This Chapter is organised as follows. For the fitshe, a general
fundamental-frequency model for concurrent duaildnaitter was analytically derived
and the impact of each distortion component atstratter output was discussed and
demonstrated through baseband equivalent simutatidext, this chapter describes in
detail the proposed linearity enhancement architectIt explains simultaneous
injection of IM and CM distortion products for namarity compensation purposes,
overcoming distortion compensation limit phenomeby iterative simultaneous
injection of IMs and CMs, as well as memory effeatgigation part of the proposed 2-
D DPD. The experimental results verifying the pregd linearity enhancement
architecture are then presented. Finally, the naogeadvantages of this 2-D DPD in

comparison with the existing 2-D DPD solutions sienmarised and discussed.

7.2. Fundamental Frequency Model for Concurrent Dual-band
Transmitters

The nonlinear behaviour of a PA is modeled by gmaial expression in both

frequency bands of concurrent dual-band transmitter

Vior(® = Ihoy gV © (7.1)
Vsor(®) = 2¥, g2V () (7.2)

(2)

andg,” are the coefficients of the polynomial

whereV;y (t) is the PA input signa]g,(cl)

models withN and M orders in each band, respectively. The PA inpgmai can be

represented as a sum of digitally modulated signad¢sich band:
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Vin(® = Vi © + VP © =
Vs1(©)co s(wit + @1()) + Vsa()co s(wyt + ¢, (1)) (7.3)

For these digitally modulated signals with variabheplituded/s, (t) andVs, (t)
and variable phases, (t) andg,(t), the input signal can be written using the in-ghas

I, (t) andl,(t) and quadratur@, (t) andQ,(t)components:

Vin(t) = Vi(I1(t) cos w1t — Q1(t) sin wyt) + V,(I,(t) cos w,t — Q,(t) sin w,t)
x y

(7.4)

where the average value of the amplitudes lgre |V51(t)|, V, = |[Vi2 ()], and
L(t)?2+ Q)% =1, L()* + Q,()? = 1.

The total output signal is obtained after substitu{7.4) into (7.1) and (7.2) and
applying binomial formula and trigonometric transf@tions. It can be written as a sum
of cos(iw, *+ jw,)t terms, where,j = 0, 1, 2... . The terms containirgs(w,t) and
cos(w,t) are the undesired fundamental-frequency partsebthiput signal related to
each band. The other terms are considered to berfaugh from the concurrent
operating bands, and therefore can be easilyddteut. An analytical form of the each
term containingcos(w,t) and cos(w,t) caused by PA nonlinearity up to order 9 is
given in Table 7-1. To demonstrate which term a#tpplying binomial expansion is
cause of each distortion component, the graphegalesentation in Figure 7-1 is used.
The first triangle is a Pascal triangle of binondakfficients. The nonlinear terms after
algebraic expansion of powers of a binomial areegiin second triangle. Finally, the

third triangle gives position of each distortionmgmonent in terms of its cause. For

instance, term -3 causes third-order IM component in first barm/lg(l)), while

3-xy? causes third-order CM compon@‘w\/léi)). Apart from the desired linear parts

gil)V“(\,l)(t) and giz)V,f\,z)(t), the fundamental-frequency output signals consaim of

distortion components from all the odd-order teraisthe polynomial models. In
addition to IM distortion specific for the convemnial transmitters, they contain CM
products caused by interaction between frequenagyd$an concurrent dual-band
transmitters. A general fundamental frequency mofigl concurrent dual-band

transmitter can be derived deductively from Table |
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TABLE 7-1: Analytical forms of IM and CM distortion components

Distortion Component Analytical Form (RF)
13" Zgé”vlz RO
1 %gé”vzz (% + QW
M3y ggé”vzz (3 + QW (O
M3y gggzw U2+ QD (O
M ggél)vlz;(llz 10O
s ggé”vz*u% + 0D (®
M 22 g0vaviaz + 0 + v ©
cmy %géDVz“(Izz + 0P
M B g@vevaaz + ahz + v ®
My %gé”vl‘* U2 + QD ©
e gngmf + QD) (©)
e %g&”vzﬁ U3 + QD ©
ey %g&“l/fvzz (U2 + QD202 + @V (©
ez %giﬂvwaf +0D U3 + 0D (®
M3 %g&“vzﬁ U3 + Q) ©
ey %g&”vlzvz*(lf +0DUE + 0D ©®
ez %g?)w‘vzz (2 + QD23 + 0DV (©
M3 2 gPvsaz + QP
15 a5 VUL + QD' ()
15 %gé”v;* U3 + Q) ©
e 512 0OVEVRUE + 022 + VL ®
M %gé“vl‘*vz*(lf + 0123 + 0DV (©
M3 %gél)vlzvzﬁ(lf +0DUE + 0P ©®
M5y %gé“v;* U3 + Q)Y ©
M %gé”vlzvzﬁ(lf +0DUE + 0P ©®
M3 %gé”vl‘*vz*(lf + 023 + 0DV (©)
M3 38 0PvEvaaz + 0272 + VR ®
M5y %gé”vla GELHNARO
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It looks as follows:

1%
V00 = gV @ + | ) all veSR (2 + 0D U@
k=1

N2l k
D Zbéi)m VDV + 07 (13 + 01 VP

(7.5)
and
M7
VPP @ = gPVP© +| ) 0l ViR G5 + 01 |UuP )
k=1
M/a] ke
Z Zbéilu v EDVRE + 03 (7 + 01 U (©)
(7.6).

To explain, the second terms in (7.5) and (7.6)aasam of in-band IM products

up to ordeN andM, whereas the third terms are a sum of CM prodaists up to order

N andM, for each band respectively. The coefficients river (agc)ﬂand agi)ﬂ) and

CMs (bé}c)ﬂll and bgkﬂl) can be calculated as a multiplication of relabedomial

coefficient (see Pascal triangle in Figure 7-1) aational number appeared after

trigonometric transformations.

L
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Figure 7-1: The cause of IM and CM distortion components
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7.3. Baseband Simulation Analysis

The two-tone stimulus and response in concurrea-bland transmitter are
given in Figure 7-2. As can be seen, there are fgpes of undesired distortion
products on discrete frequencies: in-band IM and distortion in lower and upper
band, respectively. However, an analysis of unddsilistortion products in case of two
digitally modulated signals is much more compler.iA-band and out-of-band impacts
of each distortion component can be determinedgusaseband analysis in frequency
domain. For comparison, PSDs of third- and fiftihdey distortion components from
Table 7-1 are calculated. Baseband simulationsfdar different signal sets with
variable ratio between occupied bandwidths of dgy{8W1 and BW2) and their
powers (PW1 and PW2) are performed. The calculBt®s are shown in Figure 7-3.
As can be seen, the CM distortion products are damifor the signals with narrower
bandwidth and lower power, and vice versa, in-bdkd distortion products are
dominant for the signals with wider bandwidth anghler power. In other words, an
increase of bandwidth or power of signal in onegfiency band is reflected as an
increase of CMs impact in another one. Additionalllys noted during the simulations
that an increase of bandwidth dominantly rise anofipand impact of CMs whereas
an increase of power dominantly rise an in-bandaichpf CMs. It is interesting that
when two signals with equal bandwidth and powertearsmitted (Figure 7-3a), CM
components have a greater impact than IM componentdhe output signals of
concurrent dual-band transmitters. This analysiskmvery useful in order to simplify

design of predistorter for each band of concurdera-band transmitter.

=== |n-band IMs - lower band
— In-band IMs - upper band
= - = CMs - lower band

Band 1 Band 2 === CMs - upper band
------- Out-of-band IMs

Ala AfA A Mo
P B
[ . P} P}

S
—

Figure 7-2: Power spectrum at the input and output of a daadkransmitter
(concurrent two-tone test)
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Figure 7-3: Comparisons of simulated IM and CM distortion caments for OFDM
signals with variable ratio between occupied badtwa of signals (BW1 and BW2)
and their powers (PW1 and PWR) BW1/BW2 = 1, PW1/PW2 = {b) BW1/BW2 =
2, PW1/PW2 = 4c) BW1/BW2 = 4, PW1/PW2 = {d) BW1/BW2 = 8, PW1/PW2 = 8.

7.4. Proposed Generalised DPD System

The proposed DPD system implies a separate comjp@msaf nonlinear
distortion and memory effects. In this paper, thespnted predistorter is designed
according to Wiener structure where memory mitagatlock is in front of nonlinearity

compensation (Figure 7-4).

R EEm e E e e == I (DPD)
I(Idma) I Nt DAC
“at| Ksymbols | | Mapto ——_ _ Xy QM Duaband or
& oftM range | || MQAM % ! L+Qr "@-\ N gy Y —[Wideband PA
U1 Creation of |(+ Q?)2 | Amplitude i&( |(5'1)" )
Power | Distortion | 2: 5 | andPhase I @
. L 1/Hi(f, PIN) . CLBF Q| s .
. Calculation | Comp j = | ]([)p
ata) . 2. ok I
L | 12+ Qaf IR AR
—_, Ksymbol Lk '
s e - URIRE TR
| of M range : -~
;s Q@ |(512)PDDAC
Power ! ! -
Caleulation | 1/Ha(f, Piv) | | DAC-Digital-to-Analog Converter
I _ ) | LO-Local Oscilator
Memory Mitigation i Nonlinearity Compensation | QM- Quadrature Modulator

Figure 7-4: Functional block diagram of proposed predistasten part of concurrent

dual-band transmitter
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7.4.1. Nonlinearity Compensation by Simultaneous Injection

In order to compensate for these distortions, aisameous injection of the in-
band IM together with CM products, all with oppesphases, is proposed for both
frequency bands in concurrent dual-band transmifiee total predistorter output signal
with injected in-band IM and CM distortion compoterconsists of the two terms

related to each frequency band:

Vorp(8) = Vi (£) + Vian () (7.7)
where
Vol g
V(O = VPO 14 D7 > e (2 + QD4 (3 + 0D
k=1 1=0
(7.8)

1M/2]
@ = VPO 1+ > e U2 + 0D (7 + 0
k=1 1=0

(7.9)

To clarify, the coefficient&é}gﬂl0 and cgilm are related to injected in-band
IMs while céi)ﬂ'l andcéi{rl,l, with 120 are related to injected CMs. When substituting

(7.7) instead of (7.4) in (7.1) and (7.2), the nRwdamental-frequency signals, in
addition to in-band IM and CM terms from (7.5) i), contain the same in-band IM
and CM components with coefﬁciem:éﬁru and Céi)ﬂ,z for each band, respectively.

Therefore, the initial distortion from (7.5) andy can be suppressed by proper tuning

of the mentioned coefficients. If the coefficieate set as follows:

(1) (1 ) ()
C(l) — _ %k4+192k+1 V2K C(Z) —_ _ %Yk+192k+1 V2K
2k+1,0 — [€D) 1 2k+1,0 — (2) !
gl gl
(1 (1 (2) ()
C(l) _ _ baki19k4a Vz(k—l)VZI 1 £0 C(Z) _ _ b3ki19k4a Vz(k—l)VZI 1 £0
2k+1,1 — g(l) 1 ! 2k+1,1 — g(Z) 2 1
1 1

(7.10)
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the initial distortion from (7.5) and (7.6) will beompensated for. The described
nonlinearity compensation part of the proposed DREhitecture based on
simultaneous injection is shown in Figure 7-4. Tihgected in-band IM and CM

distortion components are created and passed topliirde and Phase Adjustment”

block wherec'y, , ,; andc?,, , are tuned using (7.10). The predistor€d™, 277,

LPPP) and "™ signals’ components are the baseband equivalefit.®f and (7.9)

and they are created as follows:

[N/2l &

PP =L [ 14 ) e U7 + 0403 + B!
k=1 1=0

/2l ke
P =g, 1+ SR U2 + QD (13 + 03!
1
M/a] k
2P g (14 chill,l(@w%)"—l U7 + Q3

1M/l &
O =g 14 ) Y 1+ 0D 1 + 0D

(7.11)

The mathematical operations in these equations rastricted to real
multiplications and additions only, which is sigo#nt DPD complexity reduction in

comparison with state-of-the-art.

7.4.2. lterative Simultaneous Injection

The injected components generate new distortiodyms while compensating
for the initial distortion. This phenomenon is knowas the distortion compensation
limit and its impact could degrade performancesngction-based predistorter [7.2].
To demonstrate this phenomenon in concurrent daradtiransmitter, an injection of
third-order in-band IM in first band and third-ordeM in second band will be applied.

The predistorted signals can be written as follows:
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Vi) = PO + U2 +03) ) (7.12)
and
() _y®@ )2 2
VDPD(t) - VIN (t)(l + 63,1 (11 + Ql)) (713)

By substituting (7.12) and (7.13) into (7.7), ad7j§ into (7.1) withN=3, the

distorted PA output at fundamental frequency dtfirand can be expressed as in (7.14)

3 3
Von PP = gL @ + C g vE+gNeSD U + 0O 0+ g vEUE +

9 1
QP () +2gSPVEeS U2 + 0D (04395 G S + cSHVEUE + 0D U3 +
0DV (®
(7.14)

As can be seen, in addition to third-order IM arid,®wo fifth-order distortion
components appear. They are results of initialchejg signal and have only different
coefficients in comparison with fifth-order IM arfdM. These two components are
distortion compensation limit. To clarify, thereeaanother five distortion components
(three seven-order and two nine-order) that ardtedhfrom (7.14) because they have
very low amplitudes and their impact is negligiblénerefore, distortion compensation
limit in concurrent dual band transmitter can bérael as distortion components of
order2k+3, which are results of initial injection and appaafundamental frequency,
where2k+1 is the order of initially injected components. Trhain idea of the iterative
injection approach is to recalculate new distorpooducts at fundamental frequency of
PA that result from the initial injected signal. té&f this step, an injection of these
products together with initial injected signalsagplied. Tuning of the amplitudes and
phases of these new injected distortion produgbemigs on coefficients that are tuned
in the initial step to compensate for initial digkons that are a result of PA nonlinear
behaviour.

As can be seen from (7.14), new distortion comptmenthe first band, which

are results of initial injection, depend on injectmmponents in both bands. Therefore,
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tuning of the amplitudes and phases of these netertion products depends on both,

c1, andcl?,, . The generalised model of the tuned coefficienttirst frequency

€Y)

2k+1Lme 1IN addition to

band of concurrent dual-band transmitter in alréh iterationc

(1) (1) i i (1) ()
calculatedayy’, 1., and by, ., IS @ function ofcy’ ;1 and ¢y g ;4. TO

explain, the distortion compensation limit in corremt dual-band transmitter can be

overcome using general iterative procedure destiiyefollowing steps:

1. injecting the odd-order IM and CM distortion compats into the original input
signal at baseband and calculate fundamental freyuesponse in each band;

2. injecting calculated new distortions caused byiahitnjection together with

previously injected one and tuning of the&)ﬂ‘l,mand Cgc)-l-l,l,m wherem is iteration

index;

3. repeating steps 1 and 2 until the performance ingnent could be observed.

The steps mentioned previously can be applied yadagree of PA nonlinearity
and iterations’ number depends on PA model andifigegerformances in concrete

case.

7.4.3. Memory Effects Mitigation

For the compensation of memory effects in concumenl-band transmitter, the
memory mitigation technique in frequency domaininsorporated in the proposed
predistorter shown in Figure 7-4. As can be sdam,sime procedure is done for both
frequency bands separately. The memory effectsmméwrrent dual-band transmitter are
represented by linear filters, which are charaséeti by the frequency responses
H,(f, Pin) andH,(f, Pin) dependent on the PA instantaneous power levellsedaAs
exhibit different frequency-dependent behavioudifferent power levels, which are a
direct consequence of memory effects (see [7.3]raf@ences therein). To compensate
for this frequency dependent behaviour, the propaggporoach uses multiplying the
complex baseband symbols by the complex coeffisieft, (f, Pin) and1/H,(f, Pin)

for each frequency band, respectively. Complexeshf the frequency response can be
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obtained directly from the gain and phase deperetena the modulation frequency.
The PA frequency responses should be normaliseddir not to affect the mean power

levels. In other words, the mentioned complex cokeifits are actually normalised

inverse Sz(? and Sz(? parameters of PA related to each band of intesest
instantaneous PA input power level. That powerlledepends on baseband power level
of modulation point. To make the system adaptivinéinput power level, the complex

values of thel/H;(f, Pin) and1/H,(f, Pin) at all power levels are calculated:

1. For BPSK, the baseband power level is constant,hemde the number of
stored coefficients equals to the number of freqyepoints used for
algorithmK.

2. For QPSK, there is also one power level (Figurea)-and hence the
number of stored coefficients also equals to thalmer of frequency points
K.

3. For 16-QAM, three baseband power levels are udilif@gure 7-5b), which
means the number of stored coefficients equidls 3

4. For 64-QAM, 1& coefficients are required because 64-QAM has 10

different baseband power levels.

The PA instantaneous input amplitude of each baskbaodulation point can

be easily determined as follows:

Vin(8) = Vio(WVI2(8) + Q3(D)) (7.15)

whereV,, is carrier voltage of local oscillator and averagaut power of PA depends
on its adjustment. The following four tables shdwe baseband voltage levels of in-

phase and quadrature signal components for diffenexdulation mappings [7.4].

In case of BPSK modulation, a single bit is mappeda complex-valued

modulation symbol x=I+jQ according to Table 7-2.
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Figure 7-5: Baseband voltage levels of | and Q componda)QPSK(b) 16-QAM
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TABLE 7-2: BPSK modulation mapping

b(i) I Q
0 1/V2 1/V2
1 —1/2 —1/2

In case of QPSK modulation, pairs of bits are mdgpecomplex-valued
modulation symbols x=1+jQ according to Table 7-3.

TABLE 7-3: QPSK modulation mapping

b(i),b(i + 1) I Q
00 1/V2 1/V2
01 1/V2 —1/\2
10 —-1/V2 1/V2
11 —1/V2 —1/\2

In case of 16-QAM modulation, quadruplets of bits mapped to complex-

valued modulation symbols x=1+jQ according to Tablé.

TABLE 7-4: 16-QAM modulation mapping

b(i),b(i + 1), b(i + 2),b(i + 3) I Q
0000 1/V10 1/v/10
0001 1/V10 3/v10
0010 3/v/10 1/v/10
0011 3/v/10 3/v10
0100 1/V10 -1/4/10
0101 1/V10 -3/4/10
0110 3/4/10 -1/4/10
0111 3/4/10 -3/4/10
1000 -1/V10 1/V/10
1001 -1/V10 3/V10
1010 -3/V10 1/V/10
1011 -3/V10 3/V10
1100 -1/V10 -1/4/10
1101 -1/V10 -3/4/10
1110 -3/V10 -1/4/10
1111 -3/V10 -3/4/10

In case of 64QAM modulation, hextuplets of bits ar@pped to complex-valued

modulation symbols x=1+jQ according to Table 7-5.
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TABLE 7-5: 64-QAM modulation mapping

b(i)éb(i + 1),b(i + 2),b(i+ I Q b(i),b(i + 1),b(i + 2),b(i+ I Q
),b(i +4),b(i +5) 3),b(i+4),b(i +5)
000000 3/\42 | 3/Va2 100000 —-3/V42 | 3/V42
000001 3/\42 | 1/V42 100001 -3/V42 | 1/V42
000010 1/V42 | 3/V42 100010 -1/V42 | 3/V42
000011 1/V42 | 1/V42 100011 -1/V42 | 1/V42
000100 3/\42 | 5/Va2 100100 —-3/V42 | 5/V42
000101 3/N42 | 7/V42 100101 -3/V42 | 7/V42
000110 1/V42 | 5/V42 100110 -1/V42 | 5/V42
000111 1/V42 | 7/V42 100111 —-1/V42 | 7/V42
001000 5/vV42 | 3/V42 101000 —-5/V42 | 3/V42
001001 5/N42 | 1/V42 101001 —-5/V42 | 1/V42
001010 7/N42 | 3/V42 101010 —-7/V42 | 3/V42
001011 7/V42 | 1/V42 101011 —7/V42 | 1/V42
001100 5/V42 | 5/V42 101100 -5/V42 | 5/V42
001101 5/V42 | 7/V42 101101 -5/V42 | 7/V42
001110 7/\42 | 5/\42 101110 -7/V42 | 5/V42
001111 7/\42 | 7/V42 101111 =7/V42 | 7/V42
010000 3/V42 | —=3/V42 110000 -3/V42 | —3/V42
010001 3/V42 | —1/V42 110001 -3/V42 | —1/V42
010010 1/V42 | =3/V42 110010 -1/V42 | —3/V42
010011 1/V42 | —1/V42 110011 -1/V42 | —1/V42
010100 3/V42 | —=5/V42 110100 -3/V42 | —5/V/42
010101 3/V42 | —7/V42 110101 -3/V42 | —7/V42
010110 1/V42 | —5/V42 110110 -1/V42 | —5/V42
010111 1/V42 | =7/V42 110111 -1/V42 | —7/V42
011000 5/V42 | —3/V42 111000 -5/V42 | —3/V42
011001 5/V42 | —1/V42 111001 -5/V42 | —1/V42
011010 7/V42 | —=3/V42 111010 -7/V42 | =3/V42
011011 7/V42 | —1/V42 111011 -7/V42 | —1/V42
011100 5/V42 | —=5/V42 111100 —5/V42 | —5/V42
011101 5/Va2 | —=7/V42 111101 —5/V42 | —7/V42
011110 7/Va2 | —=5/V42 111110 -7/V42 | -5/V42
011111 7/Va2 | —=7/V42 111111 -7/V42 | -7/V42

The general memory effects’ mitigation procedurdlisstrated in Figure 7-4K
symbols ofM-range are generated for the chosen modulation aypplemapped td/1-
QAM in both frequency bands. Obtained complex symbast@nsformed into the
frequency domain using Fast Fourier Transform (FBBseband power calculation is
used to determine modulation point in order to fielhted complex coefficients for that
modulation point. After multiplying byl/H, (f, Pin) and1/H,(f, Pin) for each band
respectively, the symbols are subjected to invéfB& (IFFT). Obtained complex

signals are further divided intQ, Q; andl,, Q, components, which are used in the
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nonlinearity compensation part of the predistoriergeneral case, the mathematical
operations required for the proposed method incliwde K-points FFT and twd<-
points IFFT procedures, and multiplying the frequemoints by related complex-
valued coefficients in both frequency. Specificalip case of using orthogonal
frequency division multiplex (OFDM) signal, the mem mitigation part of proposed
predistorter does not need FFT and IFFT procedits.is because the IFFT block is
a part of OFDM creation, and therefore, the progosemplex multiplication by
1/H(f, Pin) can be easily incorporated in OFDM creation. As ba seen from Figure

7-6, the proposed procedure is realised as parallétiplications before OFDM IFFT.

PR —
0 > >
AN 1 > /,D_;
do, A1... aNc-1; SeeP IFFT P---S ——
LA (X
a0 > Q(;—A —FA >
0 2 ... § >
) =~ > J
[ 1/H(PBB) ]
\ ao T..... 1
| Power

Calculation

N

ANc-1

Figure 7-6: Proposed memory mitigation in case of OFDM signal

7.5. Experimental Setup

The experimental setup is shown in Figure 7-7slconsisted of two signal
generators, ESG E4433B and MXG N5182A, used to amutoncurrent dual-band
transmitter. The long term evolution (LTE) signalsh various bandwidth (1.4 MHz, 3
MHz and 5 MHz) and 5-MHz wideband code division timlé access (WCDMA) signal
were created in Matlab and downloaded to MXG bygi#igilent Signal Studio Toolkit
and to ESG by using Advanced Design System (AD8&g dombiner was utilised to
combine the signals on different frequencigg = 880 MHz, f, = 2.14 GHz). The
combined signals were passed through the DevicetUhelst (DUT), which consists of
the two-stages driver and CFH 2162-P3 PA (14 dB,gBildB +37 dBm) that was
driven in a hard compression region. The PA ousiigihals were down-converted with
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Vector Signal Analyser (VSA) and captured on P@B8§00 VSA software in two steps,
one for each band separately. These signals weretittne-aligned with corresponding

input signals.

GPIB

Matlab

Agilent Signal Studio Toolkit

TRIGGER

: reTTT T T T T T T T T T T T T T T T |
E4433B8 ‘ Two stages CFH 2162-P3!

|
| rRFoOUT N i driver PA ‘
RF OUT - COMBINER].H WD—P’
- | I

Figure 7-7: Measurement setup of concurrent dual-band tratesmit
(CFH 2162-P3 PA was used as DUT)

7.6. PA Characterisation

The polynomial models (7.1) and (7.2) of consideDd#dT were obtained for
both frequency bands using dual-band CW measurempetedure presented in
Chapter 6. To show difference in nonlinear charastie of high power PA, the
procedure is applied in both, single and concurrkral-band transmitter mode. The
seventh-order polynomials were used in order taedsme MSE bellow -40 dB. The
measured and modelled transfer characteristicmgtesband and concurrent dual-band
modes are compared in Figure 7-8. As can be sd®m the PA operates in dual-band
mode, theP1dB compression point is notably decreased. leratlords, PA nonlinear
behaviour is significantly stronger in dual-banddeoTherefore, the theory related to
dual-band nonlinear PA characterisation was verihere using high power PA as a
DUT. To reiterate conclusion from the previous GkapPA must be characterised in
dual-band mode. Otherwise, using of standard CWacherisation for both bands

separately will seriously deteriorate the perforoesn of the proposed DPD. The
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obtained polynomial coefficients of CFH 2162-P3 &#aracted in transmitter dual-band

mode were then used for calculating of coefficiaritmjected IMs and CMs.
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Figure 7-8: Comparisons of measured and modelled PA trankBaacteristics in

single and dual-band transmitter mode: (a) opggdtequency 880 MHz (b) operating
frequency 2.14 GHz

7.7. Concurrent Two-tone Test

To evaluate memory effects in concurrent dual-bwadsmitter, a concurrent
two-tone test is used [7.5]. In this test, the atagés of left and right IM3, far CM3
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and near CM3 are measured. The frequencies of tbeswonents are shown in
Table 7-6.

TABLE 7-6: The frequencies of intermodulation and cross-maitthrh products

Modulation . Far Cross- Near Cross-
Intermodulation _ .
Products modulation modulation
2w — Wy w; — Awy Wy —Awy
Lower Band
2Wp, — W1 Wy + Awy W+ Awy
2wy — Wy wy; — Awy, wyz —Awy,
Upper Band
ZCUUZ - wUl O)UZ + AO)L wUl + AO)L

Memory effects metric was defined as an imbalanetvéen right and left
distortion products [7.5]. The tones were sweptoime band, and imbalances were
measured in both bands. The results shown in Figtfeand Figure 7-10, prove the

presence of memory effects.
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Figure 7-9: Memory effects as sweep frequency spacing in ldaed (a) lower band,
(b) upper band
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Figure 7-10: Memory effects as sweep frequency spacing in upbaed (a) lower band,
(b) upper band
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7.8. Experimental Extraction of Memory Mitigation Coefficients

To compensate for PA memory effectgH, (f, Pin) and1/H,(f, Pin) need to
be extracted. In order to calculate these coefftsiemagnitude and phase 09‘2(1)
and Sz(i) were measured using a vector network analyser (WNwasurement for
different power levels. These levels were deterohif each baseband modulation

point using (7.15). The normalised frequency respehmagnitude and phase for three
power levels in both operating bands are showngarg 7-11 and Figure 7-12.
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Figure 7-11: Magnitude and phase of the normalised frequerspyarese for three
power levels (lower band)
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Figure 7-12: Magnitude and Phase of the normalised frequersporese for three
power levels (upper band)
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7.9. Experimental DPD Results

The described DPD approach has been implementddatiab and tested in
three diferent scenarios. The predistored | and®@ponents for each signal sets were
downloaded to ESG and MXG signal generators. Ieotd show the effectiveness of
the proposed simultaneous injection approach, xistieg injection-based DPDs [7.6],
[7.7] were also considered. These techniques havebeen tested in their original
forms due to impractical sampling rate requiremémtshe DACSs. In other words, their
sampling rates depend on frequency separation meturcent dual-band transmitter.
However, for the testing purpose in this type ahsmitter, the approaches [7.6], [7.7]
were modified in such a way that they were appileeach band separately.

The PA output spectra in three different scenaar@sshown in Figure 7-13. As
can be seen, the distortion level is significantigher in concurrent case (both
generators ON) in comparison with conventional leifizand (one generator OFF). The
CM distortion components do not allow using modifj&.6] and [7.7], which inject IM
distortion components in concurrent dual-band tratier. In case of LTE at 880 MHz,
these approaches have substantially degraded perices at transmitter output. In
contrast, the proposed approach can successfultelmand reduce thdistortion in
concurrent dual-band transmitter in every consdiecenario.

One can see that performance of initial inject®mproved in second iteration.
This performance degradation of initial injectianresult of distortion compensation
limit in concurrent dual-band transmitter. It cam dbserved from experimental results
that additional iteration improves spectrum regio@+45 dB depending on scenario. The
calculated EVM for different scenarios is shownTiable 7-7. If memory mitigation
technique is incorporated before injection, an toldal improvement of about 4 dB in
spectrum regrowth and 5 dB in EVM can be obsermeghost demanding scenario 1.
An overall EVM improvement of more than 20 dB angedrum regrowth
improvements of more than 10 dB in case of LTE anout 20 dB in case of WCDMA
were achieved when proposed approach is fully implged. Moreover, an adjacent
channel leakage ratio (ACLR) is also measured and 10 MHz frequency offsets in
the most demanding scenario lll. The 8- and 4-dBprovements were achieved for
LTE at band 1 whereas 9- and 4-dBc improvement® vaehieved for WCDMA at
band 2.
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Figure 7-13: The PSD responses of concurrent dual-band tratesr(af) Scenario |,
LTE 1.4 MHz — lower band, WCDMA — upper band (bgBario I, LTE 3 MHz —
lower band, WCDMA — upper band (c) Scenario I, H.% MHz — lower band,
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The spectrum regrowth and EVM improvements in sgend have also been
tested where either an injection of IMs (IM DPD)aor injection of CMs (CM DPD)
was applied together with a memory mitigation pchoe. As can be seen in Figure 7-
13(c), the different results can be observed atldaand at band 2. One can see from
the PSD responses that the PA output power at basdhigher than the power at band
1. Therefore, the CMs are dominant at band 1 wketteaIMs are dominant at band 2.
Due to these facts, the IM DPD notably reducesodisin at band 2 whereas the CM
DPD notably reduces distortion at band 1. Thisnisagreement with the baseband
simulation analysis from Section 7-3. The IM DPRI&M DPD can be useful in some
cases where a very low DPD computational compleistyequired. The detailed

investigation related to this will be a part of gnghor’s future work.

TABLE 7-7:EVM Results

Without With
Linearisation Linearisation
Signal . without with
smrgrg]ledband duril-Zand memory memory
ode ode mitigation mitigation
-‘_—3 LTE -21.27 dB -19.49 dB -40.76 dB -40.91 dH
@ 1.4 MHz ' ' ' '
C
(D)
é)’ WCDMA -31.23 dB -19.44 dB -37.88 dB -40.78 dE
= LTE
o) -21.13dB -19.23 dB -37.97 dB -40.46 dH
= 3 MHz
C
§ WCDMA -31.23 dB -19.09 dB -37.12 dB -40.36 dE
= LTE -20.72 dB -17.75 dB -33.28 dB -38.41 dH
2 5 MHz ' ' ' '
=
% WCDMA -31.23 dB -18.66 dB -36.26 dB -39.72 dE

7.10. Extension of the Proposed DPD for Multi-band Wireless
Transmitters

The extension of the fundamental frequency modeitife concurrent dual-band
transmitter for modelling of the transmitters witiore than two concurrent bands is

also possible. In the case of tri-band transmitéed third-order PA nonlinearity, there
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will be four undesired products in each band: ankand IM product, two CM products
which are the results of signal interactions witheo signals separately and one CM

product which depends on all three signals as altre$ interaction between them.
Deductively, in case of quad-band transmittersretheill be M, cM(?, cME?,
cMS®, cmE® | emE2Y | cMEand cME#Pin the first band. In addition to the in-
band IM, for the generaN-band fundamental frequency model, there will be

MO+ +..+(5-]) CM undesired products. However, it can be expetiiati the

(NIl) CMs which are the results of the sigmal- 1 interactions withN — 1 other

signals will have a dominant impact together whk tn-band IM. This is just a brief
introduction of the potential extended methodologyd the detailed theoretical

derivation and verification will be a part of thedre work.

7.11. Discussion

It was proved by experiments that the concurreri-8and DPDs [7.8]-[7.17]
can successfully model and reduce the distortiocomcurrent dual-band transmitters.
However, the key features of the proposed approacbmparison with state-of-the-art
DPDs for concurrent dual-band transmitters haven heghlighted in this Section. This

comparative analysis has been summarised in TaBle 7

TABLE 7-8: Comparisons of this work with recent works on conent dual-band
wireless transmitters

DPD run- DPD Dependency System | Adaptive| Extension
time identification on freq. bandwidth | closed- | for multi-
Method . ! )
complexity | complexity offset constraints loop band
Volterra- . High, can
based . High N be reduced Very
High numerical No Yes
[7.8]- instabilit [7.10], Complex
[7.14] y [7.18]
, High, can
LUT- : High + be reduced Very
based High numerical No Yes
[7.15] instability [7.10], Complex
' [7.18]
ANN- High, can Ver
based High Very High No be reduced Yes Com %ex
[7.16] [7.10] P
Freq.-
seé?;:gve High Moderate Yes Moderate No Impractigal
[7.17]
This High, can
Work Low Moderate No be reduced No Moderate
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The main advantage of the proposed DPD is low cerxilyl of predistorter. To
explain, an overall complexity of DPD is a sum oPD run-time complexity in
transmitter’'s feedforward path and complexity ofEstimation performed online or
offline. One should keep in mind that DPD estimatal the parameters is occasional
and thus, is not a continuous load on the procgsasit. Therefore, from the overall
transmitter operation point of view, the computasiccarried out by the feedforward
DPD block itself are much more important. In othards, the operations needed per
sample are the main source of complexity. The nunabdloating point operations
(FLOPSs) is parameter for the DSP computational dexify estimation of DPD. Table
7-9 shows operation-FLOPs conversion for everyi@addr operation performed into
DSP [7.18].

TABLE 7-9: Number of FLOPs for different operations perfornmgd DSP

Operation Number of FLOPs
Conjugate 0
Delay 0
Real addition 1
Real multiplication 1
Complex addition 2
Complex-real multiplication 2
NE 3
Complex-complex multiplication 6
Square root 7

The proposed 2D-DPD predistorter has significadwer DSP run-time
computational complexity in comparison with exigti2D-DPD predistorters for
concurrent dual-band transmitters mainly becauseptbposed simultaneous injection
uses real additions and real multiplications ofily.demonstrate the effectiveness of the
proposed method in terms of DSP run-time computaticomplexity, the number of
operations and FLOPs number needed for the propostidod and most widely used
2-D DPD based on complex polynomials are calculatednemoryless case, for the

N"-order nonlinearity, these methods need the follgwiumbers of operations:
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e complex polynomials 2-D DPDN(N + 1) complex multiplications;N(N +

1) —2 complex additions; N(N + 1) —2 complex-real multiplications;
N(N + 1) — 6 real multiplications2 square modulug square roots;

e proposed approact2[N/2]([N/2] + 1) — 4 real additions;4[N/2]([N/2] +

1) — 12 real multiplications2 square modulus.

Using Table 7-9 and these calculated numbers ofatipas, the number of FLOPs
needed for these approaches can be easily caldulfbe proposed approach needs
6[N/2]1([N/2] + 1) — 10 FLOPs whereas the 2-D DPD approach based on complex
polynomials needsd1N(N + 1) + 6 FLOPs. Therefore, the proposed approach has
considerably lower run-time complexity becauseeguires about times less FLOPSs.
The same conclusion will be derived after comparisbthe proposed approach with
other state-of-the-art approaches in terms of me-tcomplexity. This is mainly
because the other approaches have comparable fear igmplexity when compared
with 2-D DPD complex polynomials [7.11]-[7.16]. Mmover, in memory case, the
proposed approach is even less complex than 2-D Bfihory polynomials. To
clarify, the number of FLOPs is increaséfl times in case of 2-D DPD memory
polynomials, wheré/ is memory depth. In contrast, it should be notittett memory
mitigation part of the proposed method uses comphetiplications, butk parallel
multiplications forK symbols. In other words, the proposed approach asbsone
complex multiplication per sample. Moreover, theitidnal FFT and IFFT procedures
can be omitted in case of OFDM signals.

The approaches [7.8]-[7.16] identify predistortifunctions in an adaptive
closed-loop online, but suffer from a potential ruiwal instability of the identification
process as demonstrated in [7.19]-[7.21]. The apftin of the digital predistorter
[7.17] is impractical when considering the wide thardth of the dual-band signal (the
sum of bandwidths of both signals and frequencyetffoetween bands), but this
methodology is frequency selective and can be usefuwide-bandwidth signals that
do not have large frequency separation. This metisd needs offline large-signal-
network-analyser (LSNA) measurements, but has aplesmmtransmitter hardware
architecture in comparison with the others. The ppsed predistorter is also
implemented in open-loop and needs dual-band CW\A offline measurements.
The presented baseband simultaneous IM and CMtimjemethodology is much more

suitable for extension and application in transengttwith more than two concurrent
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bands. The main reason is the fact that the contplekthe extensions of state-of-the-
art approaches will be dramatically increased dmeirtapplication in multi-band
transmitters will be impractical. In order to redubigh bandwidth constraints, the
band-limited DPD is desirable [7.22]. The proposggproach discriminates an impact
of IMs and CMs, and its extension in this directiwitl probably be simpler than the
extensions of state-of-the-art dual-band DPDs. oAlssing multi-tone or realistic
digitally modulated signals for the dual-band PAarctterisation process will increase
model accuracy and improve distortion reductioneesgly in the case of ultra-

wideband signals

7.12. Conclusion

A new 2-D linearity enhancement architecture basedimultaneous injection
of the in-band IM and CM distortion components tbge with memory mitigation was
presented and verified through experiments. A meali fundamental frequency model
was derived for concurrent dual-band transmittertte@ first time. It was proved that
proposed simultaneous injection of in-band IM amd distortion products can improve
the signals’ performances in concurrent dual-baadsimitters. Additionally, it was
demonstrated that the proposed iterative approastsaccessfully deal with distortion
compensation limit. The proposed technique sucakgghinimises memory effects,
does not depend on frequency separation betweettskemd has low computational
complexity in comparison with previously propose®» for concurrent dual-band
transmitters. To the best knowledge of the auttios, is the first 2-D injection-based
linearisation architecture. It was clearly showmattithe technique outperforms
conventional injection-based DPDs in terms of EViMl #SD performances when they
were tested in emulated concurrent dual-band tratesmAccording to the obtained
results, the method can be a serious candidatdigtortion compensation in modern
concurrent dual-band wireless transmitters’ appbos. Table 7-8 compares the
performance of the proposed 2D-DPD with recentporeed 2D-DPDs for concurrent
dual-band transmitterg:urthermore, the author feels that the presentedryhcan be
very useful for researchers and engineers who neBif§s for developing of RF
lineariser incorporated in dual-band PA designdbieve high linearity and efficiency
of PA.
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8. CONCLUSION

This Chapter presents overall conclusions relatedhé performed research
work, including the thesis summary, original cdmitions to knowledge and

suggestions for the future work.

8.1. Thesis Summary

In recent years, the design of linear and effickeahsmitters for base stations
and terminals has become one of the major taske$aarchers and engineers. A great
concern has been expressed so far with regarchianemg the PA performances due to
the fact that the most challenging part of a trattemis the power amplifier. A
common approach for achieving both the high lirtgand efficiency is to design a PA
operating in a nonlinear efficient mode and to pevits linearisation by an external
DSP device.

In this thesis, a comprehensive research work entdpic of linearisation of
power amplifiers in modern wireless transmitterehsas 4G SISO and dual-band
transmitters has been presented. The advancedaldigiedistortion linearisation
techniques for these transmitters have been deseldpring this research work. The
theoretical concept, practical implementation aatidation of the proposed techniques
by simulations and experiments have been outlindglde thesis.

The research work included the following areastidlty, the PA system
parameters, a signal quality metrics, the PA behaal modelling metrics, OFDM as a
basis of 4G wireless communications and the manarpeters of 4G LTE standard
were described. Also, the distortion problem in tiodanch and multi-frequency
MIMO transmitters was discussed. A comparative wesv of the existing digital
predistortion techniques in different types of #amtters was accomplished,
accompanied by a brief summary of their advantagek shortcomings. Since digital
predistortion is one of the most cost-effectivesilga integrated and flexible
linearisation methods, it was selected as a basishe development of the proposed
technique. One of the major tasks of this work waseduce high complexity of

existing digital predistorters. Consequently, iti@t-based linearisation techniques
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have been investigated and their advantages aadwdistages were described. These
techniques have been chosen as a basis for dewglopiadvanced injection-based
digital predistortion techniques. In this theslsg tadaptive nonlinearity compensation
technique for 4G wireless transmitters was prop@setiverified experimentally using
developed test bed for adaptive DPD. This is thgt fime that one injection-based
technique is experimentally verified using high FRBignal such as real LTE signal.
On top of that, this is the first adaptive, injectibased DPD. Furthermore, for the first
time, the injection-based theory is expanded t@jglicable in concurrent dual-band
transmitters with different PAs. To the best knayge of the author, the proposed DPD
is the first injection-based DPD for concurrentldo@nd transmitter. It has been clearly
shown that the technique outperforms conventiamakttion-based techniques in terms
of EVM and PSD performances when they were testeemulated concurrent dual-
band transmitter. During this work, the proposedotly is further expanded and
generalised DPD for concurrent dual-band transmsitigas developed. A general
fundamental frequency model for concurrent dualdb@mansmitter was derived. The
generalised DPD based on this theory was proposed. DPD was experimentally
attested using highly nonlinear PA that exhibitsmogy effects. In addition to this, the
reduction of distortion compensation limit phenomem concurrent dual-band

transmitter was considered theoretically and \exlifn experiments.

Chapter 2 has covered the PA system parameterdjnean behavioural
modelling metrics and PA memory effects. The mana quality metrics in time and
frequency domain have been defined, while OFDMnetdgy, as a basis of recent and
future wireless communications systems, has beeraieed. Some of the important
features of 4G LTE were given in this Chapter. Aldte other problems that cause
distortion such as crosstalk specific to multi-lmtariMIMO transmitters as well as

cross-modulation specific to multi-frequency MIM@rsmitters were discussed.

Chapter 3 has presented a comparative overviewistirey, behavioural model
based DPD linearisation techniques including LUSdah DPD, Volterra-based DPD,
memory polynomial DPD and DPD based on artificialumral networks (ANN). The
theoretical concept, main advantages and drawhzdkese DPDs were discussed. The
adaptive DPD architectures such as direct learmirgdpitecture (DLA) and indirect

learning architecture (ILA) were depicted in theaPter. The DPD approaches for

PhD Thesis Page 156



Digital Predistortion of RF Amplifiers Using Basetghinjection for Mobile Broadband Communications

multi-branch and multi-frequency MIMO transmittevgere depicted also. Recent

developments and existing problems in the areaRid nearisation were discussed.

The injection-based linearisation concept has leseribed in Chapter 4. This
Chapter provides an overview of state-of-the-amedrisation techniques based on
injection of distortion products either in RF orsbhand. This Chapter focuses on
digitally implemented baseband injection-based nagkes, particularly on technique
based on IM3 and IM5 injection as well as technidpased on iterative injection
approach. It was shown that these injection-baselhiques have tolerable complexity
and therefore, they were chosen as a basis ofrigmal developments of the thesis

explained in Chapter 5, 6 and 7.

In Chapter 5, the adaptive, low-complexity DPD f46G SISO wireless
transmitters is introduced. PA linearisation wamdnstrated using this DPD based on
iterative injections of the in-band distortion cooments. This method has three
important advantages in comparison with existinlytsmns. First, the proposed DPD
was verified experimentally using more than 10 d&lpto-average power ratio
(PAPR) 5-MHz downlink LTE signal. Secondly, it use=al multiplications and real
additions only and avoids complex Volterra, LUT polynomials for nonlinearity
compensation. Third, in contrast with existing atien-based DPD, the technique uses
adaptive architecture, and therefore, is adaptvbe variation of PA nonlinear transfer
function in real environmental conditions. The noaar PA modelling extraction
method based on AM/AM least-squares polynomial @ggjon approximation was
explained and used in experimeritee adaptive experimental test-bed was described. |
was shown that the technique achieves about 1dnghBovements in spectrum regrowth
and about 7 % in EVM.

Chapter 6 presents the first injection-based melassydigital predistortion
technique for concurrent dual-band transmitters ftased on simultaneous injection of
IM and CM distortion components. The theoreticahcapt of the proposed DPD
technique and verification of its feasibility andnhdarisation performances by
experiments were presented in this Chapter. Théaenatical model of the proposed
technique was derived for the fifth-order polynomiarhe PA nonlinearity

characterisation in single band and concurrent -daatl transmitter mode were
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described and discussed. The linearisation of the-power ZFL-500 PA was
demonstrated in experimentally emulated concurderati-band transmitter using this
new 2-D DPD.

In Chapter 7, the proposed technique, describedhiapter 6, has been further
expanded and new advancements have been introdtivedechnique has been further
generalised to any degree of nonlinearity. Alsojratmal injection approach presented
in Chapter 6 was extended in Chapter 7 to genedhlierative injection approach,
which was used to overcome distortion compensdiimit phenomena in concurrent
dual-band wireless transmitters caused by initigdation. In other words, this approach
is based on simultaneous iterative injection of thdand IM and CM products.
Moreover, in comparison with memoryless ZFL-500 RAyas shown in experiments
that CFH 2162-P3 PA exhibits memory effects thajrdde the performances of DPD
at the output of concurrent dual-band transmitidre CFH 2162-P3 PA nonlinear
characterisation in single band and concurrent-daati mode were presented. The
presence of memory effects were detected by cosmutwo-tone test which was also
described in this Chapter. These memory effecte H@en minimised in frequency
domain by utilising baseband symbol adjustable m@dised inverse &-parameter
parallel multiplication. This procedure has beemnied out separately for both bands of
concurrent dual-band transmitter. The experimenegsewconducted using different
signal sets (LTE 1.4 MHz, LTE 3 MHz and LTE 5 MHz880 MHz and WCDMA at
2.14 GHz). On the whole, this Chapter has introdute theoretical background and
experimental verification of the complete DPD sgstéor concurrent dual-band
wireless transmitters. The numerous advantageshief DPD in comparisons with

existing concurrent dual-band DPDs were discusseliail.

8.2. ORIGINALITY and CONTRIBUTIONS to KNOWLEDGE

The thesis focuses on novel solutions for distarti@duction of power
amplifiers in modern wireless transmitters suc@sSISO and concurrent dual-band
transmitters. The adaptive injection-based DPD weseloped and experimentally

verified using 4G signal. In addition to this, tirgection-based DPD theory was
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extended for application in concurrent dual-bandelgss transmitters. The proposed
DPDs have adjustable nature and can be tuned tevacthe best ratio of linearisation
degree to computational complexity for every pattac wireless application. The
proposed solutions reduce implementation costs thedoverall complexity of the
design of modern wireless transmitters without ifaorg performance of power
amplifiers. The author believes that this reseavolk will considerably contribute to
the international academic research on digital istedion of power amplifiers suitable
for 4G and beyond wireless transmitters’ applicadio There are three main

contributions, which resulted from the completed;gct:

» The proposed baseband adaptive DPD that has lowsrpwtational
complexity in comparison with state-of-the-art ailag DPDs. It was
experimentally verified using 4G signal and ZFL-398 as a DUT.

* The proposed and experimentally verified memory2$3 DPD based on
simultaneous injection of IM and CM distortion pumis. The technique
does not depend on frequency separation betweeueiney bands in
concurrent dual-band transmitter and has low coxiiylén comparison with

existing solutions.

e This proposed theory on concurrent dual-band DPB been further
extended to be applicable in concurrent dual-baadsmitter with highly
nonlinear PAs that exhibit memory effects. A geheradamental frequency
model for concurrent dual-band transmitter was higezl theoretically and
proved experimentally. An individual impact of edéh and CM distortion
component was theoretically derived and analylteslas clearly proved by
experiments that the proposed predistorter imprétvesn-band and out-of-
band performances of both signals. The proposeérgksed 2-D DPD
architecture based on derived fundamental frequararyel does not depend
on frequency separation between bands and has lowplexity in
comparison with concurrent dual-band DPD’s statéiefart. In addition to
this, it was clearly shown in experiments that whesing iterative

simultaneous injections of IM and CM distortion guats, a phenomenon
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known as distortion compensation limit can be redum concurrent dual-
band wireless transmitters. The presence of menafigcts and their
mitigation in frequency domain for each band of @orent dual-band
transmitter were also demonstrated in experimeRisithermore, the
potential extension of the proposed DPD to be apple in concurrent
multi-band wireless transmitters will be much maueitable than the

extension of the other 2-D DPD solutions.

8.3. Future Work

One of the directions for the future work wouldthe extension of current work
on digital processing technique with baseband figecwith the aim of improving
linearity of real-life device under test (power difigr) in multi-branch MIMO
transmitters that have nonlinear crosstalk prohidrich degrade the quality of existing
DPD solutions.

The proposed solutions would be further validatgdnvolving the new high-
power, high-efficiency types of power amplifiersafierty, class F, inverse class F or
class JPAs that exhibit strong memory effects and PM/AMI &M/PM distortions) as
DUTs into system and carrying out experimentalstest proposed algorithms in 4G
SISO, dual-band and dual-input MIMO transmitter@n@arative analysis of DPD
solutions for different types of transmitters andsPin the same experimental
conditions is another possible area of future work.

Another area of the suggested future work is testigate the performances and
limitations of the developed adaptive lineariserddferent OFDM digitally modulated
signals in different transmitter types using corgpuimodelling, analysis and
optimisation by ADS and Matlab as well as usingreél, adaptive test-bad for
experimental validation. Carrying out experimenidts of the created predistortion
systems with OFDM signals that have different badthw will bring some new
problems and a novel band-limited DPD will be nekdéhe extension of the proposed
DPD in this direction is a potential area of théufe work. The experimental testing

would be done in different types of transmitters.
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The variations in environmental conditions causgraeation of the lineariser
performances. Consequently, the proposed predis®radaptive implementation for
multi-band and multi-branch MIMO transmitters woubé preferable. However, the
receiver at feedback adaptation significantly iases the transmitter's complexity and
there is a trade-off between transmitter complegitgl signal quality at transmitter’s
output. This trade-off should be solved for evemrtigular wireless transmitter's
application.

The extension of the fundamental frequency modelhfe concurrent dual-band
transmitter for modelling of the transmitters witiore than two concurrent bands is
also possible. The presented baseband simultarigloasd CM injection methodology
is much more suitable for the extension and apfpdioan transmitters with more than
two concurrent bands. This is mainly because tbetfat the proposed approach has
significantly smaller run-time complexity in compmm with state-of-the-art
approaches. In contrast, the extensions of thequsly proposed concurrent dual-band
DPDs for transmitters with more than two concurtegartds would be very complex and
impractical. The baseband equivalent simulationsltvde very useful in these multi-
band transmitters in order to find an individuapaat of each distortion component. In
this way, a significant complexity reduction of DRuld be achieved. Generally, the
further complexity reduction of DPD in differentrii of modern wireless transmitters
would be a very interesting direction of the futuverk. Further experiments with IM
DPD and CM DPD would be performed in experimentaltgulated concurrent dual-
band transmitter.

The simultaneous injections of IMs and CMs are Beoe because the
additional manual tuning of the DPD coefficientsulb be performed in order to
suppress distortion as much as possible in any eyd@As. Therefore, the additional
phase adjustment procedure of the proposed digiéalistorter might be used in order
to improve performances at transmitter output.duld be especially useful when using
highly-efficient PA structures as DUTSs.

Moreover, one of the directions for the future waevkuld be developing and
applying the extension of the proposed DPD for censating real-life 1/Q
imperfections in different types of wireless tramsens. Upon achieving successful
results, the injection-based methodology would beestigated for improving the
linearity and jointly compensating real-life impecfions introduced by PA, modulator

and other components.
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Generally, the polynomial model can include bote tiV/AM and AM/PM
distortions if the coefficients are obtained in ttwamplex form. It will be interesting to
test injection methodology when using much more gesm models. This will increase
run-time complexity of the predistorter, but posgilhave some advantageBor
instance, the memory mitigation procedure and VN&asurement might be omitted in
that case.

The developed theory on concurrent dual-band DPDIdvbe very useful for
researchers and engineers who design PAs for demglof RF lineariser incorporated
in dual-band PA design to achieve high linearitd afficiency of PA. This would also
be a very interesting direction for the future work

Finally, a real-life implementation of the designB&Ds using FPGA would
become a part of further studies. The real-lifeegxpents with the FPGA design of the
proposed predistorter would evaluate the overafbpmance of the system before mass

production.
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APPENDIX

Data Sheets for the Power Amplifiers

Coaxial
- ZFL-500+
Amplifier ZFL-500

502 Low Power 0.05 to 500 MHz .

Features

= wideband, 0.05 to 500 MHz ShAA yersin e
= rugged, shiolded case CASE STYLE: Y460
= low noise, 5.3 dB typ. Connectars  Misdsl Price Oty
= protected by US Patent, 6,343,629 SMA ZFL-500(+) S60.85 (1-3)
ENC ZFL-500-BNC. S74.05 (5-8)
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- T +Suffs ienifies SoiS Complanos. Soe oor web sty
VHFUHF o P oyl P i
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[ K & Min. ax ] gl THE- 5 in Dut Mo Max.
IFLEDO) | 005 500 =0 =10 +a 45 B3 418 14 ] LH 80

Dpiry ioad & ol ecommandos, polrially cn suse damage.
Wi o boad dersos max ifeud powser ry 20098

Maximum Ratings

Ooeraling Tamparaiuns -20°C 10 71°C
Sinrane Tempersiune -5E°0 i 100°C
0C Violiage #ATV o

Pl danmags (re oo F ey of T bl o il

Outline Drawing
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L1 T 1

Outline Dimensions (")
A B c o E F {cl H d L4 L L} N P a R wi

£-1 T
125 135 -3 B3 25 1.000 1000 128 125 A5 18 1588 e TS0 S ) AL .28 grams
S1TE 375 1905 YEDD G914 IBAD 2540 GCME 318 1158 BEIF &XES 152 1805 1270 2032 1143 Ta7 k-]

Motes

A, Poarionraanog and mmmmmwmmm nmnmmmmmm:m’mmmmm
B. Bacirical and periormanos cata cordained in this spechication docurens am based on MinkCincuit's mﬂsﬂ-m porommance orfera and moas_emant nsTuoions.
C. Tha paris ﬂmﬂw o i Cieowis. siancarnd Imbed warranty and lerms and oondiions “Stardard Temra"); Puschasors of this part are antiled
bnwmmﬁ:mm For 2 s ns:;mmmmmmmmmmu VSEESAC 1 WA TIMCIC. S Oy S s jap BB
oz
Mini-Circuits” e
www.minicircuils.com FO. Box 35186, Srockln, MY 112350003 (718} 934-4500 ssles@miniciouils.com Fage 16 3

PhD Thesis Page 164



Digital Predistortion of RF Amplifiers Using Basetghinjection for Mobile Broadband Communications

ZFL-500+
Typical Performance Data/Curves ZFL-500

FREQUENCY GAIN DIRECTIVITY VEWR NOISE POUT st
{MHz) (dB) {4B) {:1) FIGURE 1B COMPR.
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5

CFH2162-P3

Advanced Product Information

May 1996 (10f2)

Features

t High Gain

t +36 dBm Power Output

t Proprietary Power FET Process

t =45% Linear Power Added Efficiency

t +33 dBm with 30 dBc¢ Third Order Products

Applications
t PCS/PCN Base Stations

t Wireless Local Loop

Description

The CFH2162-P3 is a high-gain, linear FET intended
for driver amplifier applications in high-power systems, and
output stage usage in medivm power applications at power
levels up to +36 dBm. The device is easily matched and pro-

Spacifications (TA = 25°C) Tha Bllowing spacifications ame

susrEntsed 2t room temperators in Celeritsdk reat fixowrs st 1.95 GHz,

| Llin |T\'n|‘|.lmr |I'I|1'T|

Vd = 10V, Id = 1100 mA {Quiescent)

P-1dB je.opET.0| — dBm
G-1dB I3.0)14.0 | — 4B
drd Order

Products (1) 30 33 = 45
Efficiency & BldB — 435 == £

Vd = &V, Id = 1300 ma (Quiescent)

P-1dB — |38 | — dBm
G-1dBE — 130 ) — 4B
Farametery | it Typliay | ITnity
2m fids 1700 | — mS
Tdss 23 — A
Vp -1.8 YVolts
BEVGD 5 — | Vel
SIL @) b= |

236 Scotr Bouolevard Senrs Clara, Californis £50354

[

1.8 t0 2.0 GHz
+36 dBm Power GaAs FET

Package Diagram

G

SQ]

vides excellent linearity at 4 Watts. Manufactured in
Celeritek’s propristary power FET process, this device is
aszembled in a power flange package.

Absolute Maximum Ratings

_Farameter Svmbol
Drain-Source Voltage VD3
Gate-Source Voltags V&S5

Dsrain Current IDS I

Continuvous Dizsipstion BT 1o
Channal Temparaturs TCH 175°C
Storzge Temparaturs TSTG -65°C o =173°C
Hotas:
1. Sum to two tones with 1 MHz spacing = 33 dBm.

rations information.

[

. Maximum potanti
axceed 18V,

¢}

| difference acrose the davice (Vd - Vg) cannot

Power Flange Package Physical Dimensions

.
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Bhone: (408) PEE-3080 Fax: (308) 284-5003
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