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ABSTRACT

Amplifier -Based TuneableRF Predistortion for Radio-over-Fibre Systens
Jingfang Liu

Semiconductor laser diodes (LDs) haweenextensively employed fodirectly
transporting widebah multicarrier signals in radioverfibre (RoF) systemsHowever,
an inherent characteristiof LDs, the nonlinearity always has beena fundamental
problem in fibre-optic systemsWhen optical subcarrier modulation (SCM$ used,
nonlinear characteristis will induce harmonic and intermodulatiodistortion (IMD)
productsthat degrad¢he systend perfamancesignificantly. Thereforeit is essentiato
improvethe linearityof RoFsystems.

An amplifierbasedtuneableradio frequency RF) predistortioncircuit for RoF
systens is proposed to linearize the dibtried feedback laser diode (DHEB) in the
range of0.7 ~ 2.5GHz Instead of onventionalinsertion losdinearizationtechniquesin
this work, a high gain ampliér-basedtuneable predistortion circuwas designedThe
designed amplifier-based predistortion circuit consists of anpedance matching

network and a distortion generation blog@k. match the distortion generator to th@w

characteristic impedance ai RF source a capacitivelycrosscoupked common gate
(CCCGCQG) broadband matching network is degidiThe tuneability of the predistortion
circuit is achieved by adjusting the bias current of the trpdee circuit in the
predistortion generation blocKhe predistortionintegrated circuit (IC) is designesith
TSMC90nm technologyPerformanceof the investigaed predistortion isimulatedwith

CadenceVirtuoso Hspice/Spectre circuit simulato€Compared with free running LD



this predistortion circuit achieves more tha@dB third-orderIMD (IMD3) suppression
over theoperatingfrequencyrange The proposed scheme is suitable for broadband RF
optical transmission applications.

Theoreticalanalysis of the nonlinear transfer function of the predistortion circuit
and DFBLD has been performed The nonlinearity oftransistors undedifferent

configuratiors isanalyzed
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CHAPTER 1 INTRODUCTION

1.1 Introduction

Mobile andwireless communicatiahave experienced tremends growth in the last
threedecades. Séar, three mobile standardeve beensuccessfully launchedvobile
communications have evolved from the figetneration (1LGpf analog systems in the
1980s to the secorgkneration (2Gpf digital mobile systems ithe 1990sThe Qobal
System for Mobilecommunication (GSM) standard whickas developed in the 2G
systemsprovidesnational andnternationalcoverage Current 2G and third-generation
(3G) systemsare commonly used in mobile communication systemd.he faurth
generation (4Gpf systens is underdevelopment ant expected to be available in the
near futureApart from the mobile telephone communicatiosreless networkings also
rapidly growing.The first WirelessLocalarea Network (WLAN) developed in 290 is
limited to low speedand narrow band operation After that, various studies have been
devoted to broaden its operation bandwidth and bibettansmissiordata rateDuring
the last 20 yearsdue to thefast evolution of wireless network servicefroadband
communication and highpeed transmissiomre widely available for military and
commercialuses

The rapid growth of mobile and wireless communicatian accelerate the
evolution of radioc-overfibore (RoF technologies To increasethe bandwidthor, to
enhance thesignal handing capability of a wireless access netwqrkigh carrier
frequencies osmaller cells(i.e. microcells and picecells) can beuseal. However, if

smaller cek are useda large number of Base Statisr(BSs) or Radio AccessPoints
1



(RAPs) are neead to satisfy widecoverage and hence,ncrease thesystem cost
Although a wired network offerdoroadbandwidth, it limits the overall convenience and
reduces the cost efficiency of systerhe RoF technologywith low cost high carrer
frequencyand high bandwidtican have compatible properties of wired and wireless
network by arranging suitable locations of R&Erough the network along with mesh
routers.

In RoF systers radio frequencyRF) signalsaretransmited by using laserand
opticalfibre links [1]: the optical light generated frona laser source is modulated by a
RF signal and thetransportedver optical fibre links.This technologys widely usedin
multi-service domains like GSM, WLAN, and Universal Mobile Telecommmication
Systems YMTS). Compared with other transmission megi optical filre as the
backbone irRoF technologyhasuniqueproperties, such as light weight, l@ttenuation
loss, small sizebroad bandwidth and insensitivity to electromagnetic radiatibnese
advantages make #s theoptimal solutionfor transmitting RF signal&fficiently in

wireless network

| |
Rfin o»— | |
Modulated .
Laser ' ! Photo Power
| | Detector Amplifier
! I Circulator Antenna
| |
| |
Rfout t — *’/ - -
Modulated | |
Photo - : Low Noise
L
Detector ' I aser Amplifier
- o am o e o wm o o o ] S S U S S A e -
Central Site Base Station

Figure 11 Radiooverfibre system1].
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A typical RoF system is depicted Figure 1.1. When a modulated signal (i.e.
GSM) is transmitted between the central site and base stagioriconductor lassiand
photo detecta (PDs)areemployed a®lectricatto-optical (E/O) convertarand optical
to-electrical (O/E) converteibefore and aftethe signalredistributed over optical fibre,
respectively.Generally, direct madation of semiconductor laseis the most cost
effective solutionin comparison to othemodulators such asan Eledro-absorption

Modulator (EAM)anda Mach-Zehnder modular (MZM).

1.2 Motivation and Review of Technologies

Although these superior characterissof opticalfibre enable RoF technologgs
an attractive approach in wireless communication, it is necessary to enhaticedhty
in optical links toimprove the signal transmission qualityWhen miutiple subcarrier
modulation (SCM) RF signalsare introdued simultaneouslyn RoF links, undesired
harmonis and intermodulationdistortion (IMD) products are generatedue to the
nonlinearity of opticacomponentssuch adaser diodeslDs), MZMs EAMs, and P3.
These udesiredproductsdistort thereceived gnals anddegradetheo v er a | | syste
performanceln RoF systems, it is required to keep the distortion below certain lievels
order to satisfy the qualityf service provided to the useiSachu s er 6 s sprvicevi ded
has requireaharacteristics specifiday the corresponding communication standardr
example, the UMTS standard requires keeping the distortion 45dB lower than signal
carrier R-3] for thedown link.

In RoF systerg both modulation and photdetection devices odribute to the

link distortion. Modulation devices usually are the maircontribubrs to distortion

3



generation. Henceit is critical to suppressthe nonlinear distortionproduced by
modulatorsin generalevenorder distortion termandharmonis fall far away fromthe
carrier frequencyand can easily be filteredut, but third-order IMD (IMD 3) terms are
close to carrier frequeres and are difficult tofilter out. In order to minimze spectral
regrowth in the adjacent channels, the -oddier IMD products must beffectively
suppressedSince distortion terms beyond &' order arenegligible most linearization
work is focused on IMD3 cancelhbtion

Until now, many linearization technalgies havebeen studied tamprove the
linearity of optical componentsusing optical or electrical techniques such as mied
polarization techniquedd], light injectiontechniqus [5], feedforward linearizationg],

andanalog predistortion techniques [-11].

V)= [VU (sin(©,1) +sin( 2.9 )

VRN — —2\

!/( )

2

If (r) —

— 5 |Va (cos( Q) +cos( Q9 )-

Figure 12 Mixed polarizationiinearizationof MZM for OSS modulation #].

A linearizedOptical Singlesidetand (OSSBMach-Zehnder modulatafMZM) is
givenin [4]. Thelinearizer includes linear polarizer with an n g | ewithoréspett to
the z-axis, a duadelectrode zut LINbO; MZM, and a secondinear polarizer with an
angl e withfrespbct tothe z-axis as shownin Figure 1.2. The anisotrog
characteristic othe z-cut LINbO; MZM enables the RF signal teebsimultaneously

4



modulated in both orthogonal polarized staf@sinsverse Electric (TE) and Transverse
Magnetic (TM) by different modulation depthWhen the opticakignal exits the first
polarizer, 2(TM) axis will carry more IMD3 while the-XTE) axiswill carry less IMD3.
Followed by the MZM,the optical signal enters the second polariz&ince the two
angles U and b ar e r dheeomngd IMDS frematie two armsh e r
of MZM can be suppressédy careful ly selecting Ohisand b
mixed-polarization based linearization technigeenainly depedent onchoosing a n d

b, thus this linearization technique Isnited to polarization dependat modulators
However,this linearization methodannot be ugkto linearize LDs which are known as
polarization independent componer@n the other handjigh insertion loss is another
disadvantage of this technique. tile mixedpolarizationmethod the signal carrier is

attenuatedby more thanl0dB which decreasgthe transmitted signaignificantly.

................................................................................

Fiber Delay : Transmission

' H Fiber

: Optical Optical i

' Coupler (K1) Coupler (K2) !

: | > o A” ceesccccceas Ppoeccccccns oo coeq

- o, - @ e H [ ]

Input : > '50/50 H ] 10/90 * iFeedforward '

E Power Laser (LD Y A E output '

i Splitter (] ' :

i (c1) —m 2 ! Photodiode

5 . P02

E ) Pho(tg(i;ode Laser (L2) *o E

AN i

: )

: VGA (A1) 2 / vca (A2)

E Electrical 180 Hybrid :

: delay ﬁ Coupler (C2) A : ]

! - ( )) ﬁ: cow. Optical

: =w > ' Electrical

: Electrical :

i delay :

Figure 13 Diagram of a feedforward syste®]



A feedforward linearization techniquegs/enin Figure 1.3. This system consists
of two loops: signal cancellation loop (thest loop) and distortion cancellation loop (the
secondoop). In thefirst loop, the RF signal is split into two pathsvhereonemodulates
the primarylaser L1 and the otheis the errorfree reference patiDueto the nonlinearity
of laser Ly, the signalat the output othe variable gain amplifier Acontans carrier and
IMD products.Signal cancellation is achieved at the output of8€ hybrid coupler G,
in which the output products of ;Aare subtraceéd fromthe errorfree referencepath.
Ideally, only IMD3 distortionis left at the output of € The eror signal at the output of
coupler G is shifted by18@ andtheninjected into thesecondoop. The optical coupler
K, combineshe outputsignalof laser L, andthe signal transmittefitom the optical fibre
Distortion cancellations realizedat the output of the PD, sincethe PD functions as a
broadband irphase microwave combindfurthermorejntensity laser noise can also be
reducedby this architectureHowever, he feedforwardtechnologyrequires accurate
amplitude and phase matching betwdlea signal cancellation loop anithe distortion
cancelation loop which makes this technique difficult to achieve in pregtithus
limiting the anount of distortion reductionin addition, the feedforward linearization
methodrequires extra LB and P andhence,increass the cost andomplexity of the
whole system

Compared to the feedforward linearization methodmentioned above
predistortion techniques have become an attractive solution due to their lower cost, less
complexityand eag implementationPredistortion circuits are designed which operate at
1350 MHz and 5800MHz are reported in [8] and [9], respectively. In [7, 10], the
predistortion circuits are designed witMOS 0.18um technology and operate in 1850 ~

6



2150 MHz and 50~ 500 MHz, respectivel. In [2], they designed a predistortion
prototype using discrete diod#sat canoperate at 370 480 MHz, 820 ~960 MHz and
1710 ~1980MHz. Two predistortion prototypes reported in [7] and [11] are reviewed in

detail.

~

RF .| Time
Inppt Delay
Primary Signal Path

N
)
S
)
J

N

T
v

\ ’Second-Oréer NLG Path

(4 4
Phase Gain X3
just Adjust

\___ Third-Order NLG Path
Predistortion CMOS IC

Figure 14 Predistortion block diagranT].

An adaptive CMOS predistortion linearizer is proposed]nif this predistortion
prototype, shown inFigure 1.4, the input RF signal g firstly split into three pathsone
goes through the time delgyath the otker two paths go through the nonlinearity
generation (secondand thirdorder distortion) circug, and thenthese three paths are
combinedafter thepower combinerln this predistortion configuratiorihe power budget
and the complexity of the overall $gm are increased by additionathaseadjust and
gainadjust blocks. To achieveconstant suppressiaverthe bandwidth, it isequired
to ensurethat the correction tones produced by the predistortion circuit experibece

samedelay and equal gai®therwise, linearity improvememtill be hard to achieve.
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EE |-—|H9/4transformer af4 transfor mer J‘"‘I EV_RF
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Splitter Combiner

DC Feed

Figure 15 Schematic diagram ohé-parallel diodes predistortigri 1].

Recently,our group proposed broadbandpredistortionof an EAM [11]. As
shown inFigure 1.5, the predistoron circuit consists of two power splitters/combiners,
antiparallel diodes in two paths with puphbll biasanda/ 4 | mpedance tr a
matching networksln this circuit configurationtheinput RF signal is equallgonverted
to two patlts by a power splitteand transmittedthrough a pair of anfparallel diodes
Subsequently, the separatsijnak are recombined at theutput of another power
combiner.The anti-paralleldiodestructurecances the even order nonlinear producsd
only the odd order distorti@areleft after the combineBy tuning the bias current tie
diodes, the mgnitude and phase of the carrier and IM@i3his predistortion circuitan
be adjusted Compaed to current predistortion techniquethis design provide the
simplest approach ang suitable to linearize LB However, the &/ 4 I mpedanc

transformemetworks occupa large board area and introdsmene signal losses.

1.3 Objective

The focus othis research work is on designing a simple and economicgplifeen-based

tuneable RF integrated predistortioincuit to linearizedistributed feedback laser dicde



(DFB-LDs) in the application of GSM, WLAN, and UMTS systgmwhich covers

0.7 ~ 2.5GHz The designed predistortion circuit will extendetbutput power of the
DFB-LD for which IMD3 is 45dBlower thanthe carriersignal This will enhance the

signal transmission capability of RoF systems significarittycontrast to traditional
lossy predistortionthe proposed predisttion circuit predistorts and amplifies the signal
using a single path instead of the conventionalpath approachThe low noise and
high gain characteristics of the predistortion wiranake itable toprocess the signal
received from antenna withoutsing additional amplifiers. The entire predistortion
systemis singleinput and singleutput (SISO).This will significantly reduce the

complexity and cost of RoF systems.

1.4 Theds Scope and Contributions

This thesisdevelomd a gain boosting integrad circuit (IC) solution to suppress IMD3
distortion in optical fibore access communication systeft®e predistortioncircuit is
designed withfSMC90nm technologywhich is supportedly Canadian Microelectronics
Corporation(CMC). The proposed amplifidoased predistortion circuit has an equivalent
transconductance di.64Sover a bandwidth 01.8GHz. The simulated noise figure (NF)
of the entire predistortion circuit 8.65dB maximum.

The main chllenges in this design are the broad operational bandwidth, which
covers0.7 ~ 2.5GHz and high modulation curremeneration typically up to25mA In
order to achievethe specifiedbandwidth, modulatiorcurrent requiremats and NF
minimization 1.3V supply is selectedinstead ofthe recommended.2V ) with slight

increasen power dissipation.



The main contributions of this thesis are:

. An amplifie-basedtuneable RF predistortiofor RoF systera was designed
which covers thenost significant frequency baraf wireless access application
from 0.7 to 2.5GHz

The principle ofthe predistortion topologwas analyzedThe transfer functions
of the predistortion linearizevere deried The nonlinearity of a commesource
(CS)transistor, differential @rs and Gilbert cellsverestudied A novel distortion
generation method based existinglinearization techniquesas developed

. A capacitively crosgoupled CCC-CG) low noise ampfier (LNA) was usedor

broadband matchingf the proposed tripletore circuitto the50W characteristic

impedance othe RF chain.The noise performance of the matching netwemk
predistortion circuit were analyzed and simulafBde nonlinedty of the normal
common gat¢CG) and theCCG-CG LNA were investigated

. Different types oturrent mirrorweredesigredto bias and proceskesignal.The
current injection techniqgueas usedo improve the conversion gain and reduce
systen power dissipation The entire predistortion circuisupplies both DC

current and modulation signal tioee DFB-LD.

1.5 Thesis Outline

The rest of the thesis is organizas follows:

The principle of predistortion linearization is discussed in Chapter iz T

nonlinear transfer function & DFB-LD is measured experimextty and modeled with

the 4" order polynomial equation. dT linearize theDFB-LD, the transfer functiorof

10



predistortion circuitis derived. The nonlinear characteristics of a single tramsist
differential pairs and Gilbert csllare discussed After a review of theMulti-tanh
principle of Gilbert ceB, the tripletcore circuit is proposedand its nonlinear
characteristias analyzed and computed usi@gdence VirtuostispiceSpectrecircuit
simulatos.

Chapter 3 describes the matching netwddsignof the proposed tripletore
circuit. A gnrboostingCCG-CG topology is analyzedA differential test bench is studied
and appliedto simulate the matching behavior and noise performance afesigned
LNA. The nonlineaty of the matching networis simulated

Chapter4 begins with the architecture of the whole system design. Fnem
system point of view, a 18@oupler isused to convert the single input to differential
inputs in the printed circuit board PCB) design process. The matching netwbds a
fully differential configurationwhile the distortion generataronverts thedifferential
input toasingle ended output. Therefotbe matching stage andistortion generatocan
be connectd to one another This chapterexplairs the detailed design work. Various
current mirrors are described, such as basic current sjic@code current mir®and
active current mirrax The arrent injection technigue msodescribed The designed IC
supplies both bias current and modulation curterdirectly drive the DFBLD. Finally,
simulation resuls are presented and discussed

Chapter givesconcludng remarksthe progress that has been accomplished and

suggests some future work.
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CHAPTER 2 THE PRINCIPLE OF PREDISTORTION

2.1 Introduction to Distributed Feedback Laser Diode

Nowadayssemiconductot.Ds are one ofhe mos common electraptic devicesusel in
RoF systera due to theiradvantages, such as small sizesteffectivenesssimplicity
and ease ofmonolithic integration with otheE/O componentsLike other modulators,
LDs are the main nonlineaontributorsin RoF systera Thenonlinearcharacteristis of
an LD introduce many harmors@andIMD products if SCM is used, and these nonlinea
products degrade thmerformanceand sensitivity oRoF systera Therefore, it ishighly
desirable to develop linearization techniques to compensate the nonlinear distortion.
A DFB-LD is asemiconductot.D, in whicha diffraction grating is etched close
to the pn junction of the diodén orderto achievethe ®lectivity of lasing wavelength
The optical grating acts liken optical filter, whereall these small reflections are added
in phase. Ideallypnly one wavelengtis selected by the optical gnagj and fedback to
the gain region and laseFigure 2.1 shows one possible way to incorporate a grating
within a diode laser cavityn aDFB-LD, the intensity of the laser output will be changed
directly by the modulation signaAlso, the optical outpupower ofthe LD and its lasing
frequencies are fluctuating with the modulation signgherefore, DFB-LD is a

frequency dependant direct modulator.

12
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Figure 21 Diagram of aDFB-LD with Bragg gratingon the to 12].

2.2 Mathematical Analysisof Predistortion

To linearizethe DFB-LD, it is necessary to study its nonlinear characterisfioere are
two approaches in euating the nonlinear distortionof a DFB-LD in multichannel
transmissionoone isbased on dynamic modeling tfe rate equationsLy], while the
other isbased on static modeling thfe lightcurrent characteristics (typicalli;l curve)
[14]. Compared with ratequationsbased mdeling, L-I curve modelingis an easier
approachto evduate the nonlinear characteristics af DFB-LD. In this work, the
nonlineaity of the DFB-LD is studiedwith its staticL-I curve.The modulation current

providal to thelaser is describeith [14] as

« N .
It =1, {1, lw)a, mcos(dft ) (2.22)
lo is the DC bias currenty, is the threshold current of the lasas, is the modulation

indexof thei™ carrier, andj; is thephase of™" carrier. In response to the modulation, the

light outputL (t) is given by
13



O e (I (222

wherel is the power at the DC bias current.

2.2.1 Modeling of Nonlinear Transmission Characeristics ofa DFB-LD

in ROF Systens

To accurately analyze nonlinearity of th®FB-LD, we first perform the experiment to
measure its nonlinear transmission charéties. The experimemtl setupconsists ofa
current sourcea DFBLD and an optical pwer meter.During the experiment, the bias
currentsupplied to the DFB-LD is adjustedrom 1 to 125mA, with a step of1 mAand
the optical poweis measured at each stéfhe DFB-LD starts lasing when openad)

beyondits threshold currentThe thresholcturrentof the testedFB-LD is 8 mA. The

measured.-1 curve ona linear scale is shown Figure2.2.
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Figure 22 Measured nonlinear characteristd a DFB-LD.
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Poptical IS thepower receiveddy the power meteilConvertng Popiical to the current
photadetected byD, loupus We have

R (2.21.1)

I P

output — ' optical

WhereR is the responsivity athe PD. Typically, Ris 0.6,which refers to the optical to
electrical conversion efficiency tfie PD.

To investigatethe nonlinearityof the DFB-LD, wefit the I-I curve (biascurrent
of DFB-LD versuscurrentdetected byPD) by a pdynomial using curve fittindunctions
in Kaleidagraph The model is built by writinghe nonlinear equation to a Polynomial
Current Control Current Source (PCCCS), which is availablierAnalog Library of
Cadence The proposedpredistortioncircuit is designed and simulated basea the
PCCCS model.

The consideredmodulation and bias curremf the DFBLD are 25mA and
35mA, respectivelyTherefore, thephotadetected currertupyin terms of bias curreris
obtained bypolynomial curvefitting within the operationrange i.e. 10 ~ 70mA Some
biascurrents that arbelow orclose to threshold are ignorethe fitted curve withbias
current ofthe DFB-LD is plotted inFigure 2.3. A 4™ order polynomial curve fitting is
well matched withthe measured nonlinear transmissicharacterist&& The nonlinear
characteristiof the DFB-LD is described inguation(2.2.1.2) Table 2.1gives the value

of transferfunctioncoefficients.

loupud) =F (1) My M] M4 2 M ML+ (22.1.2)

Where M, (i1 =0,1, 2,...,4are the transfeunctioncoefficients of thd-I curve
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Figure 23 Measured nonlinear characteristid the DFB-LD.

Table 21 Transfer functiorcoefficierts ofthe4™ order polynomial curve fitting ahe DFB-LD

transmission characteristics.

Transfer Function

Coefficients(DC) Mo My M M3 My

Value -0.00008 0.00754 0.06321 | -0.61371 | 0.34454

After defining the polynomial model dfe DFB-LD, we expad equation 2.2.12)
into a Taylor series tanvestigate it1onlineartransfer functiorata given bias35mAin
this condition When the modulation signa} is supplied to a DFR.D, the current in

equation (2.2.1.2) is expressedlas|, +,, wherely, is the bias current angd is the RF

modulation currentConsideringthe small signal approximation, ik.<< I, we expand
the nanlinear transfer function in (2.22) into a Taylor seriesyielding

16



loutput!) =F () K, ki kih? ki# ... K"+ (2.2.1.3)

Where k (i=1,2,3,...n,... are theTaylor seriescoefficients k; :L:b) . k, :%
I f (:b) ,... The transfefunction coefficientsin terms ofis areshown in Table 2.2.
n!

Table 22 Transfer functiorcoefficients ofthe DFB-LD transmission characterissic

Transfer Function
Coefficients(AC) ko ke ke ks ke
Value 0.0002 0.0098 0.0013 -0.5655 0.3445

2.2.2 Mathematical Analysis of Predistortion

The block diagran of the predistortiorircuit followed with a DFBLD is depicted in

Figure 2.4
V., Predistortion | ” Distributed Feedback iout
S , p| Laser D.lodeMszlsl -
I pd. - a-lvin +a3Vin iout = kll pd. -IkJ pd.

Figure 24 Block diagramof predistortiorcircuit andDFB-LD.

The proposedpredistortioncircuit is transconduencebasedandthe DFB-LD is
modeled bya PCCCSand hencgthe output of predistadn circuit andinput of DFB-LD

are expresseth currentmode In this work, weare only concered about the IMD3

17



compensationSinceeven distortiongermsof the DFBLD do not ontribute to IMD3

generationthe transfer function ahe DFBLD is simplified as
— . .3
Iout - kll pd. -k3| pd. (2.2.21)
Wherei,q. is theRF signalcurrent outptiof the predistortion circuits, (i =1 and 3)are

the transfer function coefficients of the DEB.

The even order products tiie predistortion circuit are eliminated due its
differential configuration(more details are given irsection 2.3.1). Thetransfer
coefficients of ditortion products above®order decrease rapidljence higher order
terms are neglected with little loss in accuradyerefore, lhe RF signalcurrent outpt

of the predistortion circuik expressed as

| pd. — HVin +aav|°;1 (2.2.22)
wherevi, istheinput RF signaprovided to the predistortion circuénd a (i=1and 3 are
thetransferfunction coefficientsof the predistortion circuit

Considering the carrier and thiaider nonlinear tersi only, the current

photadetected byhe PD is derivedby substituting (2.2.2) into (2.2.2.1)

L =kav, tka kd) Y (2.2.2.3)

To suppresghe third-order nonlinear distortianof the DFB-LD, the transfer
function coefficient of IMD3 should beminimized Ideally, it can be reduced teero.
Therefore,the correlated transfer function of thgredistortioncircuit andthe DFB-LD

satsfiesthefollowing condition:

& |~
I
£ o,

(2.2.2.4)



Normally, in nonlineardevices, such as optical modulatonsdaamplifiers,carrier
and IMD3termsare out of phaseyhich isknown asa gain compressiogharacteristic
Consequentlyto achieve IMD3 compensatiothe carrier andMD3 of the predistortion
circuit should bein phase, which is known &as gain expansive characteristithe
proposed predistortion is voltage input and curremiput. With the transfer function
coefficients k; and ks given in Table 2.2and equation (2.2.2.4)the normalized

transconductancg,, curveof the predistortion circuiin terms of input voltages plotted

in Figure 2.5.
1.6 ———— ‘ —
b —e— desired
Yy - esiredg [ i
:\ : : ,
Y ‘ : {
eral & P
o v | !
L T e
A A | I
g 1.2;, ,\‘, S .‘, .
11| : \ S Y
[ \‘. ,d,
1| ,'.-....J",. 1
0.1 0.05 O‘ 0.05 0.1
Vin (V)

Figure2.5 Desiredg,, curve of the predistortion circuit

Assuming the photodetected output current of the IDBEBs fed to &0W load,

the nonlinear characteristio$ the DFBLD without predistortiorand theoretal analysis
of the compensated DFBD with predistortion circuit are plotted in Figure 2.48s

shown inFigure 2.6, the freerunning DFBLD cannotfulfill the requiremenof keeping
the IMD3 45dB lower than the signal carrievhenthe processd signal s greater than

11mA (corresponding to 35.4dBm output RF power in Figure 2.6). The thirdorder
19



nonlinearity is suppressed as can be seen from the slope of 5 in IMD3 wherthes
predistortion circuit.From a system point of view, the phfier-based predistortion
circuit enhanced the power transeis capability and increase the sigt@hoise (S/N)
ratio of RoF systemslherefore, the power boosting predistortion circuit minimized the
system cost and power consumption of the entistesy.ldeally, with the predistortion

circuit, the DFBLD can handle PmA signal current(corresponding to- 30.3dBm

outputRF powerin Figure2.6) within the system linearity requirement

--8--Carrier —required

—C=without predistortion = —®=—theoretical compensation
-20 ——

-40
-60

-80

Carrier and IMD3 (dBm)

-120

-40 -38 -36 -34 -32 -30
Output RF power (dBm)

Figure 26 Nonlinear characteristic of DFBD with theoretical predistortionancellation

2.3 Triplet -Core Circuit

To build aCMOS predistorion circuit, nonlinear characteristics of three differeircuit
configurationsare studieda singleCS transisor, a differential pairand Gilbert ceS.
Basedon theMulti-tanh linearization technique, a novel distortion generation method is

developed.
20



2.3.1 Nonlinear Transconductance of a Single Transistor and
Differential Circuit s

Consider a single CMOSFET biased insaturation.The smallsignal output current
depends on the gaseaurce(Vgs) and drairsourcevoltages(Vps), butthe dependence on
Vps for a transistorin saturation can be ignordterewith little loss in accuracyl5].
Expanding its output drain curtemto a onedimensioml Taylor series in terms of the

smalksignalgatesource voltagévys) around the bias point, we get

MUMESAZREAE R A (23.11)
whereg; is the smallsignaltransconductancep, g3, € a r baerdrdereoefficients
which definethe intensity of the corresponding nonlingar Of all these coefficientsys
is particularlyimportant because it controls thieird-order nonlinear distortionhence
determinng theinput referredThird-order Intercept Point (11P3) [16-17]. Thefirst three
coefficientsg; (i = 1, 2, and Bcan be foundby taking thei™ derivative of equation

(2.3.1.1) in terms 0fys
_ Wy 1 fo 1 (23.12)

9 = % =
HVes © 2 Mas ° 6 Vs

9

In the simulationby sweeping/gs of a CSNMOSFET with a dimension of W/L
(10 pm/100 nm)and afixed Vps, the first three derivatives of drain current in terms of
Vgs are plotted in Figure 2.As depicted in Figure 2, when Vgs transiions from the
weakto moderate inversion regioor the strong inversiorregion, the dependence gf
on Vgsis such thags changes fronpositiveto negative (contrasting tay;). Figure 28

depicts the corresponding absolute valuggpfg, and g,/ g, on a log scaleAs shown
21



in Figure 2.8, the nonlinearity of a transistor varies with the overdrive volthyehe
strong inversion region, transistor always has highealir@nsconductance and lower

second /third-order disortion coefficients.

0.0 —mmmMmm™———m 8™

_0.05 i \ L \ \

——abs(g,/9,)

1 f L -féf-,abs(gfg/gl),,,

w

abs(g 2/gl) and abs(g 3/91) (dB)

Figure 28 Simulatedg,/g; andgy/g; ratio of aW/L (10 um/100nm) NMOSFET.
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Some efficient linearization methods basedtbe DC characteristics @ CS
transistorare described irj15-17]. The norineaity of a single CStransistor can be
improved byusing multiple gate transistors: the main transistor operatie gaturation
region while an auxiliary transistorwith different sizeoperages in the weak inversion
region which nulls the negative 3 order derivativegz of the main transistor. This is
known as derivative superpositiormethod [16]. However, with this linearization
topology, it ishard to build a widly tunedle andhigh gainpredistorion circuit due to its
low signal handlingapability andhigh tuning sensitivityin theweak inversion region.

Numerous linearization technigaidave been developed with differential pair
Compared toa single CS transistorjtd e monstr atsegysmman r Afioddi nput
characteristicand correspondinglyexhibits much less distortiof18-19]. A schematic

diagram of a basic differential pair is showrFigure2.9.

j Iy le
M1 \Y,P)

—I =

Vi n

» l

Cfl,ﬁ

Figure 29 Basic differential pair

Assuming transistord; and M, are identicalong channel MOSFEThiased in

the saturatioror strong inversiomegion The output current is developed as:

=1, 4, d2KV, /1 Kye V. \/E (23.13)
2l o K
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where K =%n;4cox(va) and Issis thebiascurrent of the differential pair.

Expanding(2.3.1.3) into a Malaurinseries, yields

1 K3/2
I, =2 KV, ————V . . f@
0 Sé'( in 2\5 | in [\/|n| K

1Kk sS (23.14)
=2V, Ve V| Ve,
We have
Voo =Ves Vin (2.3.15)

WhereV,, is the overdrive voltagandVry is thethreshold voltage df1; andM..
Equation (2.3.1.4)ndicates that theorlinearity decreases with increasing,. With a
fixed transistor size oM; and M, increasingV,,, the firstorder tansfer function
coefficient increases while the thimidets decreases. Consequenttiie amplitude of
signal carrier is increased atiird-order distortion terms are reduced and hence, the
norlinearity of the differential pairis redued. However, incrasingV,, lead to large
powerdissipation Thus it is necessary ttradeofftransistorsizeandpowerdissipaion.

The DC characteristic of the differential pair is simulated in Hspice. By sweeping
Vin, the desired output current andl, can be obtaied from the differential pair circuit.

Asillustratedin Figure2.10, theoutput currerg|; andl, areodd functiors of Vi,. I, -1,

falls to zero whenvj, = 0. BeyondV,, :\/E\Qv,one transistor carries the entleg while

the otheris turned off. The equivalenttransconductancef M; in the differential paiis

plotted inFigure2.11.
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Figure 210 Voltagecurrent(V-1) characteristic of the differential pair.
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Figure 211 g, of transistomM;.

Thegm of My in terms ofVi, is developed as

2KV, 2 AV
JIeKL- S ] 2KV 1 ]
g = ISS — Vov (231.6)
\/1_ KV, s
ISS 2\/ov

As shown inFigure2.11, the tansconductancgn, is a symmetric function o¥j,.
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The shape of th@éransconductancg,, curve in Figure 2.1, along with its relationship
with the overdrive voltag¥,, can beusedto evaluatghe notinearity of differential pairs

Generally,with fixed transistor sizedhigher Iss contributesto a higher V,, and hence
expands theay, curve. High linearity in differential pais is obtained atvi, = 0, but
degrades with large inputgsial.

With MOSFETSs scaling down below 100n, the squarédaw model is no longer
accuratg20]. However, he basic observations made in this section about thedaygal
operation of the MOS differential pair are still valid. In particular, the differential pair

still gives rise to a compressive nonlinearity

2.3.2 Introduction of Gilbert Cell and the Multi -tanh Principle

The Gilbert cell wa first described by Barrie Gilbert in 1968ilbert cell is built by
connecting the input and output differential pairsin parallel [21]. The Multi-tanh
principle of Gilbert cell is named based on its topoldgaad mathemtical aspects. If

n(nz 2) differential pairs are connected in paralleher individual nonlinear

transconductancean beexpandedalong the input/oltage axisby applying inputoffset
voltages. Offset voltage can also lmupplied by se&lcting theemitter area ratioof
differential pairs The Multi-tanh configuration enhance the large signal hanidlg
capability ofindividual differential pais. If the overall transconductea is extended to a
wider regim, it canprovide a low-distortion scheme Such acell gives a highly linear
transconductance, hence i widely used to buildlinear amplifiers, mixer, voltage

controlled oscillators (VCOSs), tuneable filters, or other active elements.
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The dublet, in which two differential pairsare comectedin parallel, is the
simplest form ofa Gilbert cell. To illustrate the Multi-tanh principle, thedoublet is

discusseds an example bipolar transistor based doublet is shawirigure 2. 2.

| out

Q1 Q3

Q2

|7\

ol F
Ae N b Q4
e Ae

Figure 212 BasicMulti-tanhdoublet P1].

In Figure 2.12, differential pairsQ:-Q, and Qs-Qq, are biasedwith equal tail
currently. The offset voltage are providedy making thee mi t areamrasiodf Q; and
Q4 MAO times of Q, andQs. The emitter areaatio AAO shifts the peak of eadl, by an
equivalent offset voltag¥,s The relationship between A aNg; satisfies

V,.=V;In A (23.21)
whereVr is the thermal voltage.

The overall gn is mwh more linear compared with each individual

transconductanceas illustrated in Figure 231 In the doublet circuit, the origingk, is

reduced by a factor @A/ (1+ AY [21]. In order to reach the same conversion gkig,

and thediffusion area shoulde multiplied by (1+ A)* / 4A. From this point of view, the
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linearity of the Gilbert cell is achieved at the expense of increasing the system power

dissipationandusing large transistors.

gm (MS)

Vin (mV)

Figure 213 Dual g,, componentg$or the doublet.

2.3.3 Proposed Triplet-Core Circuit

The Multi-tanh principle can also be applied t@OSFETs, since MOS transistors
operaing in the subthresholdand sturationregion behavealmost exactlylike bipolar

transistos. The concept that works in strong inversion: wWidth ratio of transista gives

an input offset voltage which shifts the peak of thecurve away fromV,, =0. In the

doublet circuit, fi the peak of eaclndividual g, is shifted further with higher offset
voltage, a valleyappeas at the center of thgn, curve. Therefore, they, curve of the
doublet circuit has the similar shape witte tdesired transconductancepoédistorion

circuit, as depicted in Figure 2.17he g, curve of MOSFET based doubleand the

desiredgn, curve areshown inFigure 2.8. The doublet circuit has a simple architecture
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which is suitable to linearize specific gain compression component. As shothe in
region outlined irectangulain Figure 2.4, the gy, curve of the doublet circuit and the

desiredgm curve arematcled to each other whemd2.7mV ¢/, 42.7mV However,

the expansive regioaf the gy curvehas a limited rangeSimulation results shown that
thegn curve compresses if operatingyond104 mV peakto-peak.Another disadvantage

of the doublet circuitis that it is hard totuneit to generate the required amount of
distortion if any nonlinear variation of components occurs due to tempevatumgonor
measuremengrrorsof LDs. Alsq, it is necessary to increase the bias currents of doublet
circuit to produce high signal current in order to drive the (MEBwith high modulation
current. These disadv#ages make the doublet circuig ursuitable in tuneable
pradistortion generationasign.
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Figure 214 Transconductanoef the proposed doublet circuit.

Instead of the Gilbert doublet circuit,a triplet cell is utilizedto extend the
expansive regionAlthough it is possible to have adhm order (>3) Gilbert cell, it

increass the system complexity and poweissipationsincemore differential pairs are
29



involved. The triplet cell is designed to generdtee desiredg, to compensate the
nonlinearity ofthe DFBLD rather tharto makea lineargn, curve There are two ways to
implement the triplet cell. One is to shift the two peakgpfurther and add another
differential pair, which has a smaller transconductambe. dher approachs to make a
doublet cellwith a wider liner region which can be obtainedavith higher overdrive
voltage. By subtractingthe extra g, curve of the third additional differential pair, we
obtairedthe desired curveCompaing these two approaches, the second opgti@vides
wider expansive region and hence, $&di to build the proposed triplebre circuit. The
triplet-core circuit andhe corresponding, curves are shown iRigure2.15 andFigure

2.16.

e

li=IT

Figure 215 Schematic diagram dhe proposed triplecore circuit.
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Figure 216 g., curvesof proposed tripletore circuit

As explained in 8ction 2.3.1, th@orlinearity of the differential pair depends on
the tail currentgiven byl,, 1, andl; of thetriplet-corecircuit. Consequetly, tuningls, I,
and |3 shifts g, the curves and hence varies theninearity ofthe tripletcorecircuit. In
this work, the offset voltage of the outer differential pairs are providedanitnsistor
width ratiofiA0 , Adifiequal to 8andK is equal to 0.33n this design. Nooffset voltage
is appliedto the inner pairThe arrent subtractioms achievel if the output oftheinner
differential pair(M,a/M2g) is crosscoupledwith the outer pairdMa/M1s and Msa/Msg).
Obviously, his tripletcore circuit has a fully differential configuratioBSincethe outer
differential pairs have a symmetrical structuseandls; can be controlled bgne current
mirror. Therefore two current sourcek,, and I3 are usedto adjust td currents: Iy,
controk I; andlz while Ip3 controk I,. The detailed schematic diagravhthe tripletcore

circuitis given inFigure 4.2
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The norlinearity of the triplet-core is tuneableAs depicted inFigure 2.17 and
Figure2.18, when the tail curmgs of the outer paird;andlzareincreased fron2.4mA
to 3.0mA,the norlinearity of tripletcore isdecreasedwhile tuning the tail current of
inner pairl, from 0.8mA to2.0mA, the norlinearity at higher level, beyontio0O mV

peakto-peak is reducedDC sweep alsoindicatehow to tunethe nonlinearity of the
triplet-core circuitto get the desiredn, curve tuning I, andls to fit the overallgy, with

low signal input anduningl; to fit the overallg, with high signal input.

50 100

17 ! I ' ' ' i I i ! ' ' I ' ' ' '
16 L TOom24mA
L —e—2. 7 mA
g 15 =3 0mA
(@] Do desired
S ! : :
N [
© 13}
E | | | |
C 12 F - NeR\ e f
=z [ : : .
LA RN\
s i _
L P I R B
100 50

0
Vin (MV)

Figure 217 Overallg,, curves by tunind, andl.
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Figure 218 Overallgy, curves by tuning,.

2.4 Conclusion

In this chapter, we studied and measured the nonlinear transfer characteristibieBthe

LD. The nonlinear polynomial model of ti#B-LD is defined with PCCCS in Cadence

and is suitablefor predistortion circuit design and simulatioBased onthe desired
transcondutance of the predistorter derived from mathematical analysis, various distortion
characteristics of a single G&nsistoy differential pairs and Gilbert cells areviewed.

The nonlinearity of theproposed tripletore circuit can be tuned by adjusting bias
currentsly, I, andls. The highly tuneability enhanced the linearizatiaand nonlinearity

variationhandling capabiliesof the proposed predistortion circuit.
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CHAPTER 3 INPUT IMPEDANCE MATCHING NETWORK

DESIGN OF THE PROPOSED TRIPLET -CORE CIRCUIT

3.1 Introduction

Impedance matching is an essenpart of RF circuit designfor maximum power
transmissionand is therefore discussed in detail in numersmgrces[22-25]. As we
know, the Gilbert cell configurations usually noig because of the current subtraction of
differential pairg[24]. Input matching condition and NF are figures of merit to measure
the matching networkSince impedance matching and NF are correlatgd],[it is
necessary to come wyth a solution to matckhe tripletcore circuitandredue its affect
on theNF of systens.

Whenn blocks are cascadethe NF of the entire system is given p36]

F-1 F-1
+ 3 =
G GG,

F=F+ * (3.11)

Where F, (n=1,2,3,...)is the NF for then™ block and G, (n=12,3,...is the linear

power gain of the™ block.

This is known as the Friis formula and typical results show that the most critical
stage is usually the first stagdence the NF of the first stageusudly dominates the
sensitivity of the entire system Consequetty, it is promisingto design an impedance
matching networkand diminish theNF of the triplet-core circuit by cascadingan LNA

which provides enough gain arldw NF in front.
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Many LNAs presented in other works (i.427-28]) have achieved a good
matching and high gainin this work, ag.-boosting CCECG topology[28-29] is
selectedto match to tripletcore circuit tOW. Noise performancandthe gain of the
proposedCCC-CG matching networlare analyzel. S11 and NF are dermed withS-
parameter simulatiomising the Spectre simulator i€adence The capacitivly cross
coupkd gn-boosting technology is a power reduction approach, wéalsh indicates that
the same gnd currentwill be modulated on the reduced DC currédfite increased
signal density wouldlegrade th@onlineaity of system Based on this consideration, the

nonlinearity of CG with and without capacitiljecrosscoupkedstructure aresimulated

3.2 Capacitively Cross-coupled Common GateLNA

The basicCS LNA topology is widely used because it providgsodnoise performance
and high gain. Im CS configurationsource degeneration inductors aseiallyapplied to
the source of the active transisténsorderto make a5 0 Y i npu't mat c hi ng
However usingthis approaclit is hardto meetthe broadband matchingnd gain flatness
requiremerd A threesection banghassChebysheyilter [22] or a two-section LC ladder
[23] can achieve broadband matching agdod noise performanceHowever, extra
elements involved in the matching network increase the arethamdmplexity of the
chip. Additionally,a CS LNA consumes high power. €ke disadvantages matkes CS
LNA anonoptimal choican low power LNA design.
In contrast to CSLNA, CG LNA is a simpler approach due to its superior

broadband input matching, linearity and low power conswnpaidvantaged-iowever,
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the shortoming ofa CG LNA is that it presents a relatively high N&.basicCG LNA is

shown in Figure 3.1.

VbD

Rs

Vin

Ls

Figure 31 BasicCG LNA.

The dominat noise sourcesf the basic CG.NA are the noise curreiys of the
source resistancB,, and the drain current noise sourggas shownn Figure 3.2while
the NF contributed by thgate noisef transistorM is usually negligible. The NF of the
CGLNA is

> 1
i G——)°
Fo1 + 7 0nRs (3.2.1)
F( ngS )2
ns 1+ ngs

With E=4kngdO mandﬁ =4KTR,' D, where g,,is the zero bias drain anductance
of transistorM. R; is the source resistanc®Vith an input matching condition of

0,,R; ° 1,equdion (3.2.1) reduces to
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_1 L4kngd0Df( 1 %
4KTR'Df "g,R (3.22)

Whereoist he channel t h e r mia typicallyo4/3sf@ lorg cleahnkli c i e n

transistors and 2 for short channel transistarg)a = g,,/ g,,. It is reported in [Z] that

theminimumNF of a CGLNA is limited to3 dB.

m”__’:ﬁl) Ind
Rs ins

Figure 32 Dominantnoise sources in theabicCG LNA [29].

To improve the noise performance®CG LNA, a capacitivey crosscoupkedgn-
boosting scheme is introduced j@7-29]. The pesenéd CCCG-CG LNA in [28] is
inductively degeneratedthich occupies a large chip araad increases the cost of the
chip. In this design work, current source transistare used to achieve lmadband
matching with slightly increasedNF. The dsigned CCGCG LNA which is fully

differentialis shown inFigure 3.3.
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l Vbias2 |
M4 I I M2

Figure 33 Proposedully differential CCGCG LNA.

The inverting aAopliifibkbakf odniFigedididts anal y
approximatelyequalto the capacitor voltage division ratio

1/Cy 1
A= = (3.23)
1/C,+1/C, 1+4C/C,

WhereC, is the crosscoupled capacitor ar@@,is the parasitic capacitance of transistor

M1 andM,. Thus, the effective transconductance is expressed as

_ G +2C,

=— 324
O et ¢ C.+C. Om ( )

Usually,Cc >>C,s yielding A° 1and

Omer ® L M0 20, (3.25)
The owerall input admittance is

Yo = Quer. £/ 1p 9Cq (3.26)
Thevoltage gain wth gn-boosting is calculated as

A/ = grm,eff. RL (327)
38



WAV—e Vin

L}

[}

:

[}

[}

N Rs
! Yin

L}

[}

L}

ro2

Figure 34 CG stage withg,-boosting feedbacl8].

In the designedCCCG-CG LNA, theeffective g, . is boostedo 2g,,. To satisfy
the matchingcondition g, .« R,=1, the designedy,, is equal tol0OmS. Contrast to the

normal CG matching network shown in Figure 3.5, in whighs =20 mSand i, = 2,
the CCCCG matching structure reduces half of the current flows in trandidtgiand
hence decrease the power consumpfidrerefore, theCCC-CG LNA can load a higher
resistancdR_andincrease the gain of the matching netwarth 1.3V supply.

VDD

RL

Vout

Vbiasl '—l Mais
Vin

Vbias2 *—l Mzs

Figure 35 A normalCG LNA.
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3.2.1 Noise Analysis othe CCC-CG LNA

Generally,thermal noise and flicker noise are two typical significant noise sourcas of
MOSFET, but the dominant sourseof noiseatRFc ome from t he transi
noise. The dominant noise sourceshie normal CG LNAIn Figure 3.5 are the noise

currenti . of the sourceesistancedrain current noise,,, andi ,, of M; andM,, andi,

of the load resistor.lgnoring the gateurrentnoise the snall-signal analysis reveals the

NF of thenormalCG LNA is

2, ) =
ndlS 2 -2
Fo1+ T OmsRs  hes 1t (32.1.1)
IT( OmsRs )2 ifs I_2( Oa Rs )2
1+ OmsRs "1 0, sRs

With@ =4kT99 4, s D, KS AT g4, s fﬁzL ATR! fand E =4TR,' B, equation

(3.2.1.1) reduces to

R 1+ g,R
E =1 49Y%os +0040,sR, = (2L (32.1.2
0usRs T R gy sR

For a matched conditiowe haveg,,sR.=1.Then equation (3.2.1.2) reduces to

F=1 9 Suosy 2R (32.1.3
a Qs R

In the designed CGCG matchingnetwork the matching conditionf the CCG

CG satisfies
@+Ag,R 4 (3.2.14)

The half circuit nois@nalysis of the CCLG is similar to the normal CG LNA.

Combining(3.2.1.2) and (3.2.1.4)he NF of the CCCCG matching networkecomes
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F:l ggd01 ﬂg Rs &(14_(1 +A)gn1F§)2
+AgyR agy R @+AgR

21 49 1 Sy AR
2a 9y R

(32.15)

Compaing (3.2.1.3) to (3.2.1.5), the capacitively crassipled structureeduces

the noise generated by, and M ¢ by a factor of 2.

3.2.2Sparameter TestSetupof Fully Differential Circuit

The testsetupillustrated inFigure 3.6 is the most commawy used simulation sep fora
differential deviceundertest (DUT) [30-31]. The DUT can be driven with a single
source or differemlly from both sources. The other differential termiran be
connected with a source resistanteising a single source. However, this traditional
configuration cannot rejectundesired commomode signa and hencehas some

potential errorands i gni fi cantly reduce the reliabildi

Vem Rino

Vdm2 Rin2
Figure 36 Traditional test sefp for simulating a differential amplifiel3Q].
To improve the test bench setup, an ideal_baluhainalogLibrary of Cadence
is used to perform differentiehnd commormode simulations. In this casg,andv; are

the differential and commormode of the ubalanced pair of signals, ang andv, are

the balanced pair of signals. Thus, we have
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differential-mode voltage Vy =V, -V

n

common-mode voltage Vo = @2, W)
positive voltage V, =V, hi2y,
negative voltage V, =V, 2y,

The current flowing in/out of the ideal _balun are:

differential-mode current g =i, 1,
common-mode current i.=aai, +)
positive current I, =i, 4/d,
negative current I, =0, 4r2,

S-parameter and noise analysistiog designedCCC-CG LNA is simulated with
the test bench sefp shown inFigure 3.7. Since the system characteristic impedance

is50W, the impedances with each port &@&W. Therefore, thedifferential impedance
seen by the DUT id00W and the commomode impedancaes 25W. Hence, the
reference resistance of pom®y, Poy, and portsPi, P, are set tolOOW and25W,

respectively.

—HOWAH—d P+ 3 b WA O

—OW—c - n WA
Pic Poc

Figure 37 Improved test sap of designed circu[t31].

3.2.3 Design and Simulation Results

In this design, ransistorM; and M3 are biased and sized with(2g,,,;)=50 V. Two

1 pF capaitors (&) are used to crossouple M; and Ms. TransistorsM, and M, are
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biased and sized faninimum NF contributionAs illustrated inFigure 3.8, the designed

CCG-CG LNA achieves aimulatedinput matchof - 16dB over the ban&nd16.4dB

gainwith a 0.2dBripple.

N
o

=
[4)]

=
o

(&)
L
L

S11 and Gain (dB)
& o
i |

d0f e

AR o

20 L4 i 1 I P

800 1200 1600 2000 2400
Frequence (MHz)

Figure 38 Simulated gain and S11frofn7 to 2.5GHz

The simulated NF ofthe normalCG LNA and the designed CCCG LNA are
shown n Figure 3. For fair comparison, th€G LNA and the CC&G LNA are
designed withan equivalent transconductance and loasistanceand hence, they have
the same matching condition arghin. The designed CCGCG matching network

achieves a minimum NF &.0dBand reduces the NF tfe normalCG around0.8dB.
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Figure 39 Simulated NF fron®.7 to 2.5GHz

The designegbredistortion circuit has a differential input asidgle ended output
configuration (the details of the design work are described in Chapter 4). The noise
performance of the predistortion circuit is simulabgdusing the test bench depicted in
Figure 3.7 but with a single port ats output. The maximum NF of the entire

predistortion circuit i5.65dB as illustrated in Figura.10.

6.8

| —e—overall NF

NF (dB)

800 1200 1600 2000 2400

Frequency (MHz)

Figure 310 Simulated NF of the predistortion circuit from 0.7 to @8z
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3.3 Nonlinearity Analysis ofthe CG LNA and CCC-CG LNA

Thel dB compression point a3 are figures of merit to evaluate the nonlingaof an

LNA. Pure frequencgomain simulators (e.g. harmonic balance tools) can be used to
compute input referredPs. In Figure3.11 andFigure3.12, the simulated values of input
and output powers are plotted with bold lines and the asynsptitte expected slopare
plotted with dash linesThe nonlinearitycomparisornof the CGLNA andthe CCGCG

LNA keepstheequivalent transonductancend loadresistanceAs shown in Figure 31

and Figure 3.2, thellP3; of the CCG-CGLNA is 4.7dBlower thanCG LNA.

Perindic Steady State Response

¥ trace="3rd Order"ipnCurves ¥ trace="1st Croder";ipnCurves

ﬁ
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e ""'_—e——-—‘-er——-_ 7,;‘-4
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= Input Referred IP3 = -1.2506:
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l ]
PRL=-35 3rd Order freq = GIEM
-100.0 f p
1st Ordlerfreq = T700M
T
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Figure 311 Third-order input intercept point afie CG LNA whenf,=0.7 GHz
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Periodic Steady State Response

S trace="3rd Order"iphCurves - trace="1st Order";ipnCurves
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Figure 312 Third-order input intercept point adhe CCG-CG LNA whenf;=0.7 GHz.

The triplet-core circuit requires pure RF tonas its input Otherwise, distortion
termsin the distorted output of the matching netwark recognizeé assignalinputsto
the tripletcore and hencggenerate distortion product$he nonlinear effects of the
matching networkvill be evaluated in the entire circuit simulatiarChapter4.

The simulatedIP3 and NF of the designe@G LNA and the CCGCG LNA
which hae an equivalent transconductance and load resistance are shown in Table 3.1.
Although thellP3 of the CCCGCG LNA is degraded, it has a low NF whichcsnsidered
necessaryn the matching network desigitherefore, comparetb the CG LNA,the
CCGCG LNA maching network is a better approach.

Table 31 Simulated characteristics of CG LNA and GCG LNA

Parameters [IP3 (dBm) NF (dB)
CG LNA -1.26 3.8
CCCGCG LNA -6.01 3.0
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3.5 Conclusion

A gmrboosting CG topologyf matching netwok is introducedin this chapter The
designed fully differentiaCCC-CG LNA exhibits a loweiNF, consumes less powand
degrades the lineaks in contrast tothe conventional C&NA. The designe€CGCG
matching networlobtairs a simulated 6.4dBgain, minimum3.0dB NF and consumes
1.9mW with 1.3V supply. The maximum NF of the entire predistortion circuit is

6.65dB.
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CHAPTER 4 DESIGN OF THE AMPLIFIER -BASED

TUNEABLE RF PREDISTORTION

4.1 Introduction

In Chapter 2, we analyzatie principle of predistortion linearization and presented a
triplet-core circuit to generate the desired distortidMatching consideations of the
triplet-core with the characteristimpedance of the RF systeare presentedd matching
network desig and simulabn results were presextt in Chapter 3.This chapter
discusssthe designmethods of the proposed amplifieesed RF predistortioaircuit.

The architecture of the predistan circuit is described A stateof-the-art designusing
both static and dynamic current mirrors is studiece fiedistortion IC solution provides
both modulation current and controllable bias current to drive the-ID=-BSimulation

results are presemteshowing theexpectedgredistortion functions.

4.2 Design Guidelines of the AmplfieiBased Tuneable RF
Predistortion Circuit

This section describes the outline of the analog predistoi@dmased on system level
specification On-chip and offchip compments are selected in order to minimize chip
area and reduce the co3the system and chiprchitectureare presentedThe circuit
blocks include current mirror bias circuits, a current injection structure and a power

supply output stage.
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4.2.1SystemArc hitecture Consideration

|-
RFi :
in < CC1E
E

180 Degree Cc2
Hybrid
Coupler

Distortion
Generator

i Predistortion IC

Figure 41 Block diagram of the system architecture.

Figure 4.1 shows the system architectute.containsan offchip 18¢ hybrid

coupler two20 pF off-chip capacitorsC;; andCe,, and the predistortion 1€onsistng of

the CCGCG matching networknd the proposed distortion generafidre off-chip 180
hybrid couplerconverts the singlended mnal to differential C.; and C., couple he
differential sgnal into the predistortiolC. The CCCCG matching networlamplifiesthe
signalsupplial to the distortion generation blockhe distortion generator can be tuned
to produce thelesirediIMD3 to compensate the nonlinear distortion of the EAEB The
CCG-CG matching networkis fully differential. The distortion generatoconvertsthe
differential signalto singleended The entire system is SISO. Consequentlis simple
architecturemakes it easier to integratiee systenwith other components’he detaild

chip architecture is depicted in Figute.
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In contrastwith traditional matching approaeg CCGCG allows broadband input
matching without inductors which are usualigedwhen designingdNAs. The only
componentsvhich takea large area are the cressupling capacitorsTheyareselected
to bel.07 pF and havea dimension 026 /m*26 mm(available in mimcap_um,
tsmcN9Orf library) The CCCCG supplies both caers andtheDC bias to the proposed
triplet-core circuit. Compared with othekistingRFICs, the signal path does not require
any DC feed or AC coupling. The distortion generator includes the taptetcircuit,
whichwas described in Section 2.3tRBgcurrent injection structuréhe active current
mirrors and the output power supgiiage. The distortion signal generalgdhe triplet
core circuit can be amplified upX6mA by the active current mirroré. current
injectiontechnique isused to improve the efficiency of current mirroks. additional
transistomMy; provides a signal current d mA maximum anda bias currenbf 30mA
maximum to the DFB.D. The bias current of the DFBD can be controlled blys.

More details about the output stage power supply are described in Section 4.2.4.

4.2.2Current Mirror Design

Current mirors areone of the mosmportantbuilding blocks of analoyery LargeScale
Integration(VLSI) circuits. Various analog blockssecurrent mirrors design Analog
to-digital converters (ADC), amplifiers, comparatare usingthem Current mirrors are
circuits designed to source and sink a constant curférdy areextensively used to
replicate accuratelymainput current. A well designed current mirrdeas high output

impedancea wide operatng rangeand provides aconstant current sourc&his section
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explains different types of current mirrarsed in the proposed predistortibiock. This

includedabasc current mirroracasode current mirroandanactive current mirror.

4.2.2.1Basic Current Mirror

Iref lout

i T e

Figure 43 A basic current mirror.

A basic current mirrofl8] consistingof M; andM; is shownin Figure4.3. The principle

of the current mirror designs are explained with the sglaavemodel of long channel
MOSFET while ignoring short channel effect with little loss in accuracy. The diode
connected transistoM; definesthe gateto-source voltageof M,, henceVgs=Ves2
Normally, M; and M, are operating in saturation. If the two transistors are matched and

operated irthe saturation regionthe current of,,; matctes that ol .r. Thus, we have

1 W X

I ref = E IHCOX(T)l(\/GS -VTl-Dz(l -{/DS) 4221I
1 w X

Iout :En?ucox(r)z(veg 'VTI—)z(l -VDS) 42.2.1.2

Where ¢, is the carrier mobility in the conducting channel a@gk is the oxide
capacitance per unit arédh/L; andW,/L, are the ratio of device dimensionsMf and
Mo, respectivelyVry is the threbBold voltage ané, a are the channdéngth modulation
factors ofM; andM,, respectively
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Neglecting channdkength modulation, we have

_Wwr,, :

| o e 42.2.1.3
N

In this case,M; and M need noto be identical M; andM; are chosen the same
length in ordeto minimize errors due to the side diffusion of the source and drain area.
Thedesired output current can be obtaimgdsimply scalinghe ratio oftransistor widh
of M; andM,.

In this design work, the typical basicrrent mirrors areised to bias the current
source transistsrof the CCCCG stage, the tail currents of the triptetre circuit and the

DC current of the DFR.D (refer to Figure 4.2 for more delg).

4.2.2.2CascodeCurrent Mirror

Excellent current matchings desirablein current mirror design Accordingly, a well
designed current mirrdrashigh output resistance and excellent device matcifisgve
know, the basic current mirrag the simplst method to reproducelenticalcurrent in a
different path. m spite of this, it has some disadvantagEse output current cannot
accuratelyreplicatethe input due to a difference @ffective length due tohannellength
modulation. The basic currenmirror has difficulty overcoming these drawbacks and
therebylimits its application inC design.

In contrast ta basic current mirror, cascodarrent mirrors are usually employed
to minimize channelength modulatioreffects Cascode current mirroi&ean attractive
solution to achiewmg high output resistanceisinglow voltage anchavinghigh accuracy
They are used in mampplications.In the CCG-CG matchingdesign(half of the CCC

CG circuit is shown) transistorsM; and M, are biasedby current mirors The bias
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network of theCCG-CG matching netork is shown in Figurd.4.

M1

P MbRa a':
Ix lilI .
Mb2 Mbs :
1:1
ol ! i P

L Vi |! 'l
|

Figure 44 Current bias network the CG-CG matching network.
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The desired bias voltagevhiass and Vyiaee are 0.72V and 0.55V ,respectively.
Vhias1 biasestransistoM; of the CCCCG andalso processsthe crosscoupled sjnal To
preventthe sgnal from enteringMye, a transistor based resistdira.is inserted between
the bias netwdtr and transistorM;, addng about1 kW resistanceThe bias voltageSpias
is defined by

Voiasz =Vx Mosn (4.2.2.2.1)

TransistorMyg can be sized with a shorter width or lenghannel length to give a

higher overdrive voltage to bid4,.
Voo =Vosts Voa Yoo (4.2.2.22)
In Figure 4.4, we have

Vos o = Voo Ves i (4.2.2.23)

Where
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Vosz = Vhias “Vos (4.2.2.24)

This can lead to a difference betwek, andl ,. The difference is dependent

out*

on V,,and TH,p" Uncertairt inl_,, can lead to uncertaint in the proximate of the triode

out

or saturation boundary fdvl, and M,.The bias network in Figure 4.4 can be improved
by putting a cascode trangis aboveM,, as shown in Figure 4.5. In this circuit

Vose = Ve » Which gives a better match betweéyp, and |, leading to a better

out?

prediction of the bias condition favl, and M,,.
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Bias | outr | outz
1:1

|

|
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|

|

|
: M2
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! Vibas2 J_ '
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Figure 45 An improved bias network of tHeCG-CG stage.

4.2.2.3Active Current Mirror

As we know, current mirrors came use to process sigra. In this design, the active
current mirror alsaonvers the differential signalto a single endedutput Compared
with a fully differential configurationa single endedstructurehasa lower bandwidth

because an internahigh frequency pole is intracced by the diodeonnected
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configuration and hence redgcthe bandwidth. Howevem single ended output ia
superioroptionto enhaning the cascade capability of the predistortsystem

The tripletcore circuituses a fully-differential configurationlt drives a active load
formed by transistordls and Mio. The circuit isshown inFigure 4.6. The currerst
flowing into transistorsMs and Mo define the gat¢o-source voltages oM; and My,
respeawely. The signal passes throud,, Mg, and M;,. The differential currents are
subtracted at nodB. An extra signal path throughl; is introduced tgproducemore

signalcurrent anda portion ofthecommonmode current téthe DFBLD.

Vdd Vdd I Vdd Vdd | Vad Vad

i . N P iout
Triplet-core Circuit )
- Jerie ik,
Jk +k,
Msjl krletk IEMlz |—| M13

Figure 46 Propsedactive current amplification stage.

For an active current mirror, ifi, increases bymp] then iy increases byl
(W/LY/(WIL) which indicates thathe arrent mirroramplifies the smaisignal current if
(WIL)/ (W/L)>1. If the current mirror isdesigned with a rati&, both bias current and
signal current are amplified by a factor & The signal amplificationis achieved by
increasing system power dissipatidm thiswork, thecurrentratio of MsandM-, Mpand

M11, MgandMj,, MgandM;3 are shown in Table 4.1n this design, theurrentratio k;,
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andk, are selectedbased on thenodulation requirementf the DFBLD. If the sgnal
current at each differential output of the tripbetre isgp| the total synalcurrent available

to drive theDFB-LD is(2k, +k,) Based orbandwidthoptimizationconsiderationthe

mirror ratio ofMsandMy is choserio bel/«/k1 +K,.

Table 41 Active current mirrors involved in Figure 4.6.

Current Mirror Ms/M- M1o/M11 Mg/M12 Mg/M13

Mirror ratio 1/ Jk +k, 1/k, k+k, [k | Jk+k /k,

4.2.3Current Injection Technique

The current injectino technique, also known as currdsieeding, isa very attractive
approach for biasingircuit desigs. A charge injection methodsed byGilbert celk is
presented in32-33]. Thistype ofbiasing topology provides several advantages over the
traditional biasing techniqus. Firstly, this topology enables an easy way to adjust the
bias current present in the Gilbert cell input transistors whileikgepe bias current in
other transistorsteady Secondly, thé&ilbert cellbenefitsby improvedgain and lirarity
by usingcurrent injection method (the linearity enhanced by incred$iBgvhich was
discussed in Section 3.3)s explained in [32]jncreasinglss can improve the gain and
IP3 of Gilbert cells.Thirdly, this biasing method reduces the voltagedneam Low
voltageandlow powerare a trendh futureintegrated circuitlesigns

The current injection circuit shown in Figure 4.6 is outlinedha blue dotted
lines The two PMOS transistoids andMg supplysome ofthe DC currento the triplet

core circuit. Transistordls, Mg, Mg and Mighavethe sameN/L dimensions. Hence, the
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current injection circuit establishes afentical drain current inMs, Mg, Mg and M.
TransistorMs and Mg are biased by a current mirror which can provide half of tHe tai
current of the tripletore circuit. Therefore, half of the tail current flows into thiains
of active current mirror transistods andMjo. The inputimpedanceit the drain ofMg is
high. Therefore,the RF signals only flow to the active current mior. The current

copierM; andMy,, with a factor of,/k, + k, andk;, multiplies halfthe DC current while

keepng the same signal current. With the current injection method, the transistor size of
M+, Mg, M11, M1, andM;3 can be reducetb half compared to the transistor sizes without
using current injection. Therefore, the current injection approach reduces power

dissipation of the proposed predistortion circuit by more &@mW.

4.2.4Laser Bias Circuit and Output Stage PowerSupply

The output stage power suppfgr the DFBLD is shown in Figure 4.7TransistorM;,
processeshe modulation currentvhile M4 supplies additional bias current to drivéhe

DFB-LD. TransistorM;3 provides bothmodulation and bias cume The basic current
mirror of M4 and Mys, with aW,, / W ratio of § suppliesa tuneable bias current. By
adjusting thecurrent sourcéps from 0.625mA to10mA, Mi4could suppy a current in
therange of50 ~ 80mA to the DFBLD. If the voltage at node P ¥4, andthe forward
voltage of LD isVy, then the value of ¥is V, +V,,. Typically, the offset vahge of
node P is set to @7V .To improve the matehg andavoid input synal degradation

the input termination othe DFBLD has to bephysically placedas close as possible to

thepredistortionlC usingbonding wires.
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Figure 47 Laser dodepowersupply.

4.3 Circuit Performance Evaluation

Harmonic balanc€HB) [34] is a frequencydomain analysis technique calculate the
steadystate response of electrical circuitsis a useful method to perform analysis of
strongly or weakly nonlinear cirauilt is normally thepreferredanalysismethodchosen
by simulatos wheninvestigaing analog RF system

The complete chipis designed usinghe Cadencedesign environmentTo
evaluate system performan@gpectrecircuit simulatoris used Spectreis a stateof-the-
art tool usedto simulat RFIG, such as power amplifierd,NAs and mixers. HB
simulation inPeriodic Steadystate (PSS) analysis used to compute the nonlinearity of

the predistortion circuit

4.3.1Two-Tone Sgnal Simulation

Multiple frequencies or tones (typically twimnes) are usually used to evaluate IMD in

analog RF or microwave circuits. the simulatorthe twotone sgnalis generatd using
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a power sourc@ort componentwhich is availablan the Analog Libraryof Cadence
This souce provideswo sinusoidal signals with zemegree phase offset at a specified
powerlevel. In the simulation set uphé two fundamental frequencies &@00MHz and
1604MHz with an input power of 25dBmThe internal source resistance is S&QWV.

To convert the single input to differentiah S2P file based 18ybrid coupler is used.
Current sourcel, 1 ,,,l ;andl,,areused to bias thpredistortioncircuit. I, supplies the
bias currentto the biasing network I, and lpz are tuneable sources that adjust the
nonlinearity of thepredistortion circuitlps controls the DC supply of the DFBED. The
DFB-LD is biased aB5mAand modulateavith a currentof 16 mA. In order to reach the
modulation strengtmeeded bythe DFBLD, the total input power of the predistortion
circuit is set to- 25dBm, corresponding tB5mV peakto-peakfor each differentiainput
branch Therefore, the equivalent transconductancthefdifferential input predistortion
circuit is0.64S.The simulatiorsetupof the predistortiodC whichincludes the CC&G

matching newvork and distortion generatidsockis illustrated inFigure 48.

lor lo2 los loa

LYYy

180 Degree Hybrid Predistortion IC o] DFB-LD

Coupler Model
é P1 _-['_ P2 é

Figure 48 Harmonic balance simulatisetupof the DFBLD with predistortion circuit.
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To compare the linearity improvement, we thet output power level constant and
compare the IMD3o carrier ratios between the linearized and nonlinearzed-I0=-B
Figure4.9 (a)(b) showsthe simulated RF spectra at the output of BEB-LD without
and with predistortionrespectively.lt is shown hat the predistortion circuit reduces

IMD3 to lessthan 50dBc. This gives an IMD3 suppression &2 dB.

-29.04 ))IUU JBGHz, -31.93dBm)

-500.04

Output power (dBm)

1(1.596GHz, -69.80Bm)

-75.0H
T N T T T LI
1.585 1.5875 1.6 1.6025 1.6048 1.6075
freq (GHz)
()
i
25.04
)40(1.60Hz,-31.93u5m)
£
2
%—50 o
g
75.04
rmsaaom,sz naderm)
1585 15875 1.6 16025 1605 16075

freq (GH2)

(b)
Figure 49 Simulated speddrat the output of thBFB-LD, (a) withoutand (b) with predistortion

(matchedXxircuit.
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Next, we vary the ingupowerand measure theFB-LD outputRF power of the
carrier and IMD3 with and without predistortiomhe predistorted DFBD satisies
system requirement over a wide dynamic range ofrreat input up to
20mA (corresponding to- 30.6dBm output RF powel). The predistortion circuit is
optimized at high power level to increase the dynamic range of theLDFBigure 4.10
shows that the thirdrder nonlirarity is fully suppressed for output power greater than

-32.6dBm. Even though the IMD3 is not fully suppressed at lower power, the
predistortion circuit improves IMD3 suppression by more thadBand the system still

satisfies the required5dBcsuppression of IMD3 below the carrier.

--e==Carrier

=—Oo=vithout predistortion
—=—with predistortion
—e—theoretial compensation

-20 I
40t
-60 :
-80 : RS

-100

Carrier & IMD3 (dBm)

-120

-40 -38 -36 -34 -32 -30
Output RF power (dBm)

Figure 410 Simulatedcarrier and IMD3of DFB-LD, with and without predistortiofmatched)

circuit at 1600MHz.
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Furthermore the performance of the predistortiasircuit is simulatedfor
broadband operatiowith a twotone signalinput The frequency spacing between the
two tones is kept at MHz and the operation frequency of the first tone is swept from 0.7
to 2.5 GHz in steps of100 MHz. The results of theoretical analysis using nonlinear
transmission coefficients are plotted Figure 411. Theoretically, the IMD3/C can be

improved byl13.4dB at 16 mAcurrent inputpower level With the predistortiorcircuit,
the IMD3/C is improvedy 15dB at 700 MHzand10dB at 290 MHz. This is because

thetheoretical analysis of the predistortion circuit transfer function is limited to the third
order nonlinearity with frequency independent coefficiefitse simulated predistortion
circuit cancels some IMD3 terms generated by higher order nonlinearity pddre
performanceof the predistortion circuitat high frequencymay be due to the high
inserton loss at high frequencyhe matching circuitand the presence of nonlinear
parasitic capacitandbat increasethe phase shift between the carrier and IMD3-§5].

The parasitic capacitance of MOSFET is usually nonlinear. Nonlinear capacitors increase
the phase shift between signal carrier and distortion terms with the increase of operation

frequency.
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Figure 411 SimulatedMD3/C of DFB-LD, theoretical analysisyith and without pedistortion

(matched)from 0.7 to 2.5GHz

We @mpared the distortion suppression withmatched and unmatched
predistortion circuit. The unmatched predistortion circuit only contains the distortion
generation block The CCGCG matching networkdegradesIMD 3 cancellation, as
depicted inFigure 4.12.The effect of the nonlinear parasitic capacitatic increase
the phase shift between carrier and IMD3 is evident in Figure 4.13 for the unmatched
predistortion circuit. The matching network generates some distortion produtts an
increases the phase mismatch between the carrier and IMD3 as shown in Figure 4.13.
These distortion products are amplified by the distortion generation block along with the
carriers andare sert to the DFBLD. When these amplified distortion products are
comparable with the ones generated by the distortion generation block only, they interact
destructively andeducethe amount of IMD3 input to the DFBD to suppress its third
order nonlinearity. Taeduce the nonlinearity effect caused by the GG& matting

network, the tripletore circuit is tuned to generate more distortion signal.
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Figure 412 Simulated IMD3/C with matched and unmatched predistortion circuit.

Figure 413 Simulated phasdifference between signal carrier and IMBBh matched and

unmatched predistortion circuit.

4.3.2Tuneability Evaluation

Another advantage dhis predistortion circuits thatthe generatetMD3 can be varied

by upto by tuning thebiascurrentl, andls. For effectivethird-order nonlinearity

65



























