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Abstra
tImproving energy e�
ien
y is most likely one of the key 
hallenges we fa
e for the years to
ome. The ever in
reasing energy demand, at the moment exponentially growing for informa-tion and 
ommuni
ation te
hnology, leads to growing emissions of greenhouse gases, that willwith very high probability alter our 
limate.In order to maintain the level of ubiquitous available 
ommuni
ation servi
es and instead evenin
rease data transmission rates for a growing number of users, the underlying hardware has tobe
ome signi�
antly more energy e�
ient to limit the high energy 
onsumption. Besides this
limate awareness rationale, in parti
ular the wireless 
ommuni
ation se
tor drives towardshigher energy e�
ien
y simply to in
rease the battery lifetime of mobile devi
es, 
overing moreand more di�erent 
ommuni
ation standards for ever in
reasing integrated fun
tionality.Nowadays the dominating IC te
hnology is CMOS. It o�ers ex
ellent properties for digital
ir
uitry as low standby 
urrents and highest integration density, a
hieved by the long standingquest for shrinking stru
ture size as predi
ted by Moore's law. Cost e�
ien
y is the maindriver behind the goal to integrate digital baseband and analog RF frontend into one CMOSIC. Unfortunately, the CMOS 
hara
teristi
s are less adapted to the needs of analog ICs,whi
h applies in parti
ular for CMOS power ampli�er (PA) design, the topi
 of this work.Looking at the 
hallenge a PA designer fa
es explains this. It is 
hara
terized by the need tosimultaneously maximize the key �gures of merit e�
ien
y, output power, linearity, stability,RF gain and mat
hing, being intrinsi
ally inter
onne
ted. S
aled CMOS te
hnology as the180 nm pro
ess used in this work, o�ers the essential high transit frequen
y to a
hieve high RFgain, but in�i
ts serious drawba
ks. The metal layers used to integrate passive 
omponentsare s
aled a

ordingly, whi
h redu
es the distan
e to the lossy sili
on substrate and therebyin
reases the 
apa
atively 
oupled RF power loss into it. Moreover, the transistor break downvoltages de
rease due to the aggressively s
aled gate lengths, redu
ing the appli
able supplyvoltages. This de
reases the a
hievable output power, depending quadrati
ally on the supplyvoltage. The saturation voltage, however, redu
es only marginally, whi
h as a 
onsequen
e,lessens the available RF swing in relation to the supply voltage, and hen
e the e�
ien
y.Dedi
ated highly optimized ar
hite
tures are ne
essary to over
ome the hurdles that arise withthe use of CMOS in order to a
hieve �gures of merit (FOM) that 
an 
ompete with 
ir
uitimplementations based on SiGe HBTs. Intendend for the WLAN and Bluetooth standard inthe S- and C-band, several ar
hite
tures are implemented and measured, allowing to 
omparethe FOM and draw 
on
lusions 
on
erning their suitability for the di�erent appli
ations areas.The resear
h is 
arried out in the framework of the EU funded RESOLUTION proje
t, whi
haims at developing a 3D lo
al positioning system with 
m a

ura
y. The a
hievements, whi
hare published in leading international journal and 
onferen
e 
ontributions, 
omprise:v



vi ABSTRACT
• A 5 GHz - 6 GHz 
lass AB PA with η of 28.1 % and P1dB of 19.8 dBm for a Vdd of1.9 V, measured at 5.5 GHz. The design pro
ess and the load pull analysis is presented.
• A 5 GHz - 7 GHz dual stage 
lass AB PA with η of 19.0 % and P1dB of 18.5 dBm fora Vdd of 1.9 V, measured at 5.8 GHz. In
luded are RF system related design 
hoi
esas DC and RF swit
h. The measurements of wafer probed die versus wire bonded andpa
kaged solution are examined in detail.
• A 5 GHz - 6 GHz 
lass F 3rd order harmoni
 resonator PA with η up to 52.0 % and

P1dB of 16.2 dBm for a Vdd of 1.5 V at 5.5 GHz. For a Vdd of 1.9 V, η above 50 % and
P1dB of 18.4 dBm are measured.

• A 1 GHz - 8 GHz TWA with η of 17.7 % and P1dB of 16.1 dBm for a Vdd of 2.4 V,measured at 2.4 GHz. At 5.5 GHz, a measured η of 15.8 % and a P1dB of 16.6 dBmis a
hieved. The existing TWA theory is enhan
ed by taking the signi�
ant parasiti
indu
tor losses into a

ount, allowing an enhan
ed RF gain predi
tion a

ura
y.
• A 2 GHz - 9 GHz tapered TWA with ex
ellent η of 33.9 % and P1dB of 16.2 dBm for a

Vdd of 2.4 V, measured at 2.4 GHz. At 5.5 GHz, a η of 33.4 % and a P1dB of 18.5 dBm ismeasured. The detailed 
ir
uit analysis derives optimization methods for tapered TWAstru
tures and explain the fundamental working prin
iple.The results obtained are among the best of 
urrent state-of-the-art CMOS power ampli�ers,partially approa
hing the performan
e of SiGe HBT based 
ir
uits in terms of drain e�
ien
yas for example with the 
lass F PA or the tapered TWA. Although performan
es based onIII/V te
hnology most often outperform CMOS implementations, the 
ir
uits presented herede�nitely redu
e this gap and lead to highly 
ost 
ompetitive implementations. The state-of-the-art theory of TWAs is enhan
ed by a more a

urate RF gain model in
orporating theintegrated indu
tor losses. The extensive tapered TWA analysis by means of a dedi
ated smallsignal model enables to derive the design 
onstraints for an optimized implementation.Keywords: CMOS, analog integrated 
ir
uits, millimeter wave frequen
ies, wireless 
ommu-ni
ation, power ampli�er, swit
hed ampli�er, distributed ampli�er, travelingwave ampli�er, transmission lines.



KurzfassungDie Steigerung der Energiee�zienz ist eine der wesentli
hen Herausforderungen, die uns inden nä
hsten Jahren bes
häftigen wird. Der stetig wa
hsende Energiebedarf, wel
her momen-tan exponentiell für die Informations- und Kommunikations-Te
hnologie zunimmt, führt zusteigenden Treibhausgas-Emissionen, die hö
hstwahrs
heinli
h unser Klima verändern werden.Um das Niveau der allgegenwärtig verfügbaren Kommunikationsdienste beizubehalten undstatt dessen sogar die Datentransferraten für eine wa
hsende Zahl von Nutzern zu steigern,muss die zugrundeliegende Hardware wesentli
h energiee�zienter werden, damit der hohe En-ergieverbrau
h begrenzt wird. Abgesehen von diesem Grund des Klimabewusstseins treibtinsbesondere der Sektor der drahtlosen Na
hri
htenkommunikation hin zu immer höheren En-ergiee�zienzen, um die Akkulaufzeit der moblien Endgeräte zu verlängern, wel
he glei
hzeitigeine wa
hsende Anzahl vers
hiedener Kommunikationsstandards unterstützen sollen.Die heute dominierende IC-Te
hnologie ist CMOS. Sie weist exzellente Eigens
haften für Dig-itals
haltungen auf, wie z.B. niedrige Ruhe-Ströme und hö
hste Integrationsdi
hte, was dur
hdie andauernde, dur
h das Moore's Gesetz vorhergesagte Strukturskalierung errei
ht wird.Kostene�zienz ist der Hauptgrund, digitales Basisband und analoges RF-Frontend in einenIC integrieren zu wollen. Unglü
kli
herweise ist CMOS ni
ht gut an die Bedürfnisse analogerICs angepasst, was insbesondere auf den CMOS Leistungsverstärker-Entwurf zutri�t, demInhalt dieser Arbeit.Die Betra
htung der Herausforderung im Leistungsverstärker-Entwurf erläutert dies. Sie
harakterisiert das Ziel, glei
hzeitig die Kenngrössen E�zienz, Ausgangsleistung, Linerar-ität, Stabilität, Verstärkung und Impedanz-Anpassung zu maximieren, die intrinsis
h gekop-pelt sind. Skalierte CMOS-Te
hnologie wie der hier verwendete 180 nm-Prozess, der hoheTransitfrequenzen und damit hohe Verstärkung ermögli
ht, weist wesentli
he Na
hteile auf.Die zur Integration passiver Elemente benutzen Metalls
hi
hten skalieren ebenfalls, was denAbstand zum verlustbehafteten Substrat reduziert und damit zu kapazitiv gekoppeltem RFLeistungsverlust in das Substrat führt. Ausserdem verringert si
h die Dur
hbru
hspannungbei aggressiv skalierter Gatelänge, was zu reduzierter erlaubter Versorgungsspannung führt.Dies bedingt kleinere RF-Ausgangsleistungen, die quadratis
h an die Versorgungsspannunggekoppelt sind. Die Sättigungsspannung verändert si
h nur marginal, dies verringert die RF-Auslenkung in Relation zur Versorgungsspannung und damit die E�zienz.Dezidierte, ho
h optimierte Ar
hitekturen sind notwendig, um die Hindernisse, die mit derBenutzung von CMOS einhergehen, zu kompensieren und Kenngrössen zu erzielen, die mitS
haltungsimplementierungen basierend auf der SiGe-HBT-Te
hnologie konkurrieren können.Vers
hiedene für WLAN- und Bluetooth-Standard beabsi
htigte S
haltungen im S- und C-Band werden realisiert und gemessen. Dies erlaubt einen Verglei
h der Kenngrössen undvii



viii KURZFASSUNGihrer Eignung für vers
hiedene Anwendungsgebiete. Die Fors
hungen wurden im Rahmendes EU �nanzierten RESOLUTION Projekts dur
hgeführt, wel
hes die Entwi
klung eines 3Dlokalen Positionierungsystems mit 
m-Genauigkeit anstrebt. Die Ergebnisse, die bei führendeninternationalen Zeits
hriften und Konferenzen publiziert wurden, umfassen:
• Ein 5 GHz - 6 GHz Klasse AB Leistungsverstärker mit η von 28.1 % und P1dB von19.8 dBm für ein Udd von 1.9 V, gemessen bei 5.5 GHz. Der damit verknüpfte Design-Prozess und die Load-Pull-Analyse werden vorgestellt.
• Ein 5 GHz - 7 GHz zweistu�ger Klasse AB Verstärker mit η von 19.0 % und P1dB von18.5 dBm für ein Udd von 1.9 V, gemessen bei 5.8 GHz. Die S
haltung beinhaltet sys-tembedingte Design Merkmale wie DC- und RF-S
halter. Die Wafer-Probe-Messungenwerden mit denen gebondeter und gepa
kagter PCBs vergli
hen und analysiert.
• Ein 5 GHz - 6 GHz Klasse F Verstärker basierend auf einem harmonis
hen Resonator

3ter Ordnung mit einem η von bis zu 52.0 % und P1dB von 16.2 dBm für ein niedriges Uddvon 1.5 V bei 5.5 GHz. Bei glei
her Frequenz ergibt si
h für eine Versorgungsspannungvon 1.9 V ein gemessenes η grösser 50.0 % und P1dB von 18.4 dBm.
• Ein 1 GHz - 8 GHz TWA mit einem η von 17.7 % und P1dB von 16.1 dBm für ein Uddvon 2.4 V, gemessen bei 2.4 GHz. Bei 5.5 GHz werden ein η von 15.8 % und P1dB von16.6 dBm errei
ht. Die existierende TWA Theorie wird um den E�ekt der verlustbe-hafteten Spulen erweitert, was zu erhöhter Vorraussagegenauigkeit der RF Verstärkungführt.
• Ein 2 GHz - 9 GHz getaperter TWA mit exzellentem η von 33.9 % und P1dB von16.2 dBm für ein Udd von 2.4 V, gemessen bei 2.4 GHz. Bei 5.5 GHz ergibt si
h eingemessenes η von 33.4 % und P1dB von 18.5 dBm. Die detailierte S
haltungsanalyseermögli
ht Optimierungsmethoden für künftige tapered TWA Strukturen und erklärtdie fundamentalen Wirkme
hanismen.Die errei
hten Ergebnisse gehören zu den besten für CMOS Leistungsverstärker errei
htengemäss dem aktuellen Stand der Te
hnik, teilweise an die Ergebnisse SiGe HBT basierterS
haltungen herankommend, wie z.B. der Klasse-F-Verstärker oder der getaperte TWA. Ob-wohl die Leistungs
harakteristik III/V basierter S
haltungen meistens diejenige von CMOSübertri�t, reduzieren diese S
haltungen de�nitiv diese Lü
ke und führen zu hö
hst kosten-e�zienten Implementierungen. Die aktuelle TWA Theorie wird erweitert und erlaubt einebessere Vorraussage der RF-Verstärkung aufgrund des Einbezug der verlustbehaften Spulen.Die ausführli
he tapered TWAAnalyse anhand eines dezidierten Kleinsignalmodells ermögli
htdie Ableitung der Randbedingungen für optimierte tapered TWA Implementierungen.S
hlüsselbegri�e: CMOS, analog integrierte S
haltungen, Millimeterwellen-Frequenzen,drahtlose Kommunikation, Leistungsverstärker, S
haltverstärker, verteilteVerstärker, Traveling Wave Verstärker, Transmissions lines.



Chapter 1Introdu
tionThis 
hapter presents the general trends in the wireless 
ommuni
ation te
hnology se
tor andmotivates the need for energy e�
ient power ampli�er designs. It starts with an introdu
-tion of the wireless 
ommuni
ation standard evolution over time, the exponential growth ofwireless 
ommuni
ation over the years and the trend towards higher integration for 
ell phonehardware. In the following, a standard RF trans
eiver ar
hite
ture is illustrated and set in
ontext with the RESOLUTION proje
t. Finally, a sample 
al
ulation motivates the urgentneed for higher energy e�
ien
ies of PAs for wireless 
ommuni
ation appli
ations.1.1 Evolution of the wireless 
ommuni
ation se
torThe rapid growth of wireless 
ommuni
ation and the emergen
e of bandwidth hungry appli
a-tions are key drivers towards the need for radio based broadband a

ess networks. Nowadays,di�erent transmission standards are established whi
h use di�erent parts of the frequen
yspe
trum and have di�erent operational radii per trans
eiver, depending on the appli
ation.A distan
e limitation o

urs be
ause re
eiving systems need a 
ertain minimum signal powerto 
orre
tly de
ode transmitted data (
ertain signal to noise power ratios have to be met,depending on the applied standard). However, the transmitted signal power de
ays a

ordingto (1
r

)n
, n = 2...5, while the noise power added in the re
eiver approximately remains 
onstantfor a spe
i�
 operation environment (simpli�
ation and negle
ting in-band RF interferen
es).The possible data rate mainly depends on the frequen
y bandwidth (BW), while the 
overagerange is strongly impa
ted by the RF power transmitted by the PA. High operation frequen
ies

fop tend to result in a larger usable BW for data transmission. However, in
reasing fopsimultaneously lead to redu
ed operation radii, as RF signal damping in the air be
omes morepronoun
ed. The frequen
y spe
trum targeted in this work lies between 1 GHz and 10 GHzand 
omprises important RF transmission standards in the S-band, C-band and ISM-band.In order to illustrate the ongoing evolution of the 
ommuni
ation standards and the asso
iatedimpli
ations, we will fo
us on the two most prominent exponents with 
urrently the highestimpa
t on the mass market. One is the broad band wireless 
ommuni
ation WLAN a

ordingto the 802.11n standard that realizes high data rates up to 300 MBps over a distan
e up to300 m, enabling wireless 
overed working areas. The se
ond one are the 
ell phone 
ommuni-
ation standards. The latest deployed standard, UMTS, realizes up to 14.4 MBps over up tosome kilometers, enabling a vast area 
overage through widespread installed base stations.1



2 CHAPTER 1. INTRODUCTIONFig. 1.1 presents the performan
e evolution of both 
ommuni
ation standards over time andthe asso
iated fun
tionality in
rease. The upper part displays the development of the WLANstandard 802.11 to 802.11n. An essential improvement in available data rate is visible. 802.11realized a maximum data rate of 2 MBps, the latest implementation 802.11n results in up to300 MBps. A

ordingly, while the data rate of the �rst representative of this standard allowedonly point appli
ations, the growing standard maturity towards 802.11n o�ers a 
omplete newspe
trum of wireless 
onne
tivity, enabling real time video streams and more.

PSfrag repla
ements

Wireless

Broadband

MobileHandsets

Broadband
1G 2G 3G 4G

802.112MBps 802.11b11MBps 802.11ag54MBps 802.11n300MBpsPointappli
ations MobileData Voi
eVideo UbiqousMobileComputingVoi
e Voi
e SMSSMS Voi
eemaildata dataVoi
evideo streamInstant messagingConstant 
onne
tivityonline musi

0.22 MBps 14.4 MBps 300 MBpsemailFig. 1.1: Evolution of wireless 
ommuni
ation standards.Visible in the lower part of the plot are the 
ell phone transmission standards. It startedwith the analog transmission standard 1G in the 1980s. 1G was repla
ed by the digital 2Gstandard, also 
alled GSM, in the 1990s and allowed data transmissions with a maximum datarate of up to 220 kBps. The following standard 3G, or UMTS, was for the �rst time deployedin 2002, it latest implementation stage HSDPA realizes data rates of up to 14.4 MBps. Theup
oming standard 4G, also 
alled LTE, is spe
i�ed for data rates up to 300 MBps.These signi�
antly in
reasing data rates 
ome along with a growing number of enabled appli-
ations. While 2G lead to the mass market phenomenon SMS, 3G supports more bandwidthhungry servi
es as email and 
onsiderable enhan
ed data transmission 
apability. 4G will havethe potential to allow live video and musi
 streams. These advan
ed servi
es per se pre
ipitatea widespread usage of the asso
iated devi
es and thereby growing number of users.Table 1 summarizes most of the RF transmission standards mentioned and adds two furtherimportant ones a
tually in use. Presented are the 
ell phone standards in the S-band, GSM,UMTS and LTE as well as the WLAN standards 802.11 and 802.11n and furthermore, Blue-tooth. Although the ISM-band 
omprises various li
ense free frequen
y spe
trum parts, onlythe spe
i�
ation and regulation at 5.8 GHz for the RESOLUTION proje
t is given.Shown are the modulation s
hemes and intended 
overage ranges that lead to di�ering Poutand linearity requirements. The 
ell phone standards with their large 
overage range require a



1.1. EVOLUTION OF THE WIRELESS COMMUNICATION SECTOR 3high Pout of 27 dBm to se
ure the RF transmission. Maximum allowed Pout for 802.11, 802.11nand Bluetooth, as well as the ISM standard at 5.8 GHz are signi�
antly smaller with 20 dBmand 14 dBm, respe
tively. 64-QAM and OFDM ne
essitate a highly linear RF transmission,based on the high variation in the RF output amplitude. Ex
ellent linearity is also needed forthe RESOLUTION FMCW prin
iple, where a highly linear frequen
y ramp is generated. ThePAs presented are targeted for the WLAN standard around 2.4 GHz and 5.5 GHz, as well asthe ISM band at 5.8 GHz with a maximum Pout of 20 dBm and 14 dBm, respe
tively.Cellular WLAN ISM-bandName GSM UMTS LTE 802.11 802.11n Bluetooth RESOLUTIONModulation GMSK QPSK,4/16/64-QAM 4/16/64-QAM DSFH OFDM/CCK GFSK/DSFH FMCWMax. datarate /MBps 0.0144 14.4 300 2 300 0.7 -
fop /GHz 0.9/1.8 1.9-2.0,2.1-2.2 1.9-2.0,2.1-2.2 2.4-2.485 2.4-2.485,5.15-5.35,5.47-5.725,5.725-5.825 2.4-2.483 5.725-5.850Max. P

(1)
out/dBm 27 27 27 20 20 20 14Coveragerange severalkm severalkm severalkm ∼ 100 m ∼ 250 m 10 m -100 m several100 mLinearity medium veryhigh veryhigh medium high medium very highTable 1: Comparison of major wireless 
ommuni
ation standards, (1) : Mobile devi
es.Besides the evolution of the wireless 
ommuni
ation towards in
reasing bandwidths as visi-ble in Table 1, another aspe
t that leads to the signi�
antly growing number of users is theever advan
ing integration and miniaturization of the underlying hardware. The transistorstru
ture sizes of the 
ir
uit 
omponents that make up the 
ell phones and wireless broad-band terminals shrink, whi
h leads to in
reased performan
e for the same spa
e o

upied.On the other hand, the ongoing integration e�ort tries to assemble the di�erent sub-
ir
uitsinto 
ombined ICs that further redu
e the required spa
e. This not only allows to developlightweight mobile terminals and thereby enhan
es usability, but also leads to 
onsiderablyredu
ed produ
tion 
osts. This makes the mobile handsets and wireless broad band a

essdevi
es a�ordable to a larger range of 
onsumers. Fig. 1.2 illustrates this.

Fig. 1.2: Integration and miniaturization approa
h for wireless terminals.



4 CHAPTER 1. INTRODUCTIONThe e�e
t of in
reased 
onne
tivity, fun
tionality and redu
ed size for de
reasing 
osts has ledin the past to a tremendous su

ess for 
ell phones and to a widespread usage over the years.Fig. 1.3 makes this 
lear [Ins06℄, [Cti08℄. The number of mobile phone users experien
ed in the�rst years after the introdu
tion of the 
ell phone in 1973 exponential growth and rea
hes inthe meantime approximately 2.5 billions. The number of users of �xed 
ommuni
ation lines,however, is stagnating. As shown in Fig. 1.4, �xed line 
ommuni
ation is even de
reasing latelydue to the repla
ement by mobile 
ommuni
ation systems. To date, world wide �xed linesamount to 950 millions and en
ompass approximately 320 millions broad band 
onne
tions in2008. These are in
reasingly a

essed by wireless broad band networks based on the 802.11standard, 
ounting around 160 million.

1975 1980 1985 1990 1995 2000 2005 2010
0

0.5

1

1.5

2

2.5

Year

C
om

m
un

ic
at

io
n 

lin
es

 /B
ill

io
n

 

 

Mobile lines
Mobile lines 3G

Fig. 1.3: User evolution wireless 
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Fig. 1.4: User evolution land line 
ommuni
ation.While the energy 
onsumption of single wireless 
onne
ting devi
es may be small, the overallenergy 
onsumption of these wireless 
ommuni
ation systems in
reased at the same expo-nential pa
e as the number of users grew over the last years. Deriving pre
ise numbers forthe asso
iated worldwide ele
tri
 energy 
onsumption is 
hallenging due to di�ering devi
eimplementations and supported standards, but supposedly amounts to some per
ents of theworldwide ele
tri
ity produ
tion.1.2 RF trans
eiver ar
hite
tureThe wireless 
ommuni
ation systems presented in the previous se
tion are rooted on the un-derlying hardware. These RF trans
eiver systems are generally made up of di�erent integratedsubsystems and the antenna. The fun
tional dis
ernible blo
ks are mainly the analog RF fron-tend, the digital baseband pro
essing, memory, 
ontrol logi
 and most often further digitalICs in
orporating musi
 or video pro
essing fun
tionality. In the following, we will fo
us onthe analog RF frontend, that realizes the signal transmission and re
eption.RF frontends 
ontain a re
eive and a transmit 
hain thats frequently 
onne
ts to the sameantenna. Fig. 1.5 displays as an example a double heterodyne trans
eiver ar
hite
ture, whi
hrealizes the re
eive path by 
as
ading the RF building blo
ks LNA, RF down mixer, IFampli�er, IF down mixer and ampli�er. They amplify and down 
onvert the analog RF signalinto an IF signal, whi
h is further mixed, ampli�ed and then feed into the ADC to generate



1.2. RF TRANSCEIVER ARCHITECTURE 5a digital pro
essable signal. The send path begins with the DAC, whi
h 
onverts the digitalsignal to be transmitted into a analog one. The following stages 
onsist of an ampli�er,eventually an IF up mixer and IF ampli�er, de�nitely a RF up mixer and �nally a PA thatfeeds the ampli�ed and up 
onverted RF signal into the antenna. Other, more elaboratedtrans
eiver ar
hite
tures have been dis
ussed in detail in literature [Ell08a℄.
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MixerFig. 1.5: System overview of a standard trans
eiver ar
hite
ture.This work fo
uses on the design of the PA. In order to 
over the air 
hannel from transmit tore
eive station, a spe
i�
 minimum output power, depending on the supported RF standard,is ne
essary. The PA ampli�es the lo
al low power RF signal to the high RF power levelsneeded, thereby 
onsuming a signi�
ant part of the supply power needed in a trans
eiver. Themost important targets that are simultaneously optimized when designing a PA are:

• High e�
ien
y
• High output power
• High linearity
• High gain
• Un
onditional stability
• Low area/
ost requirement
• Restri
ted self heating
• Low sensitivity 
on
erning ∆T, pro
ess varian
es and agingWhi
h of the �rst four design variables, e�
ien
y, output power, linearity and RF gain, is
onsidered most prominent, depends on the spe
i�
 appli
ation. In most 
ases, a trade o�is ne
essary, as these parameters are intrinsi
ally inter
onne
ted, depending on the supplyvoltage Vdd, the 
hosen bias point and the PA ar
hite
ture. Stability is a mandatory designrequirement. The lower three 
onstraints, area, self heating and low 
ir
uit sensitivity shouldalways be taken into a

ount to develop a 
ompetitive PA design.



6 CHAPTER 1. INTRODUCTIONThis work will dis
uss PA design strategies and topologies that optimize the requirementsstated before. The performan
e of several well know implemented narrow band and broadband PA topologies will be 
ompared, using the same produ
tion pro
ess. This allows to draw
on
lusions about the suitability for di�ering appli
ations and RF transmission standards.As already mentioned, lowering produ
tion 
osts while simultaneously enhan
ing performan
eis one key driver for the huge su

ess of wireless 
ommuni
ation. This reveals one 
ru
ialbottlene
k: The 
ulmination of the 
ost lowering integration pro
ess would be the assemblyof all digital baseband, memory and analog RF frontend 
ir
uit parts into one CMOS 
hip.CMOS is parti
ular advantageous for the digital parts due to the low stati
 power 
onsumptionand large a
hievable 
ir
uit 
omplexity. Still, espe
ially the analog RF PA needs to ful�ll su
h
hallenging requirements that are still hardly a

omplishable with CMOS te
hnology. Up tonow, PAs have mostly been implemented using GaAs- and bipolar - IC te
hnologies due tothe better power 
apabilities and less restri
tions 
on
erning the maximum appli
able supplyvoltages. This, however, 
ontradi
ts the 
redo of in
reasing integration levels.Realizing a PA using a CMOS pro
ess and integrating it into one 
hip with the digital 
ir
uitparts promises to result in a highly 
ost 
ompetitive and thereby su

essful produ
t. However,a
hieving high RF output power and asso
iated highest e�
ien
ies as required by the growingenvironmental awareness is a major 
hallenge. For operation frequen
ies from the C-band onand beyond, the power loss into the parasiti
 substrate be
omes signi�
ant. The low supplyvoltages of s
aled CMOS transistors impose another essential 
onstraint in order to rea
h thisgoal. Despite these 
hallenges, all PA 
ir
uits will be implemented in a sili
on CMOS pro
ess.1.3 RESOLUTION proje
tPAs are basi
ally used in every RF transmission system, whether designed for mobile orstationary use. Lo
al positioning systems as proposed by [Jam89℄ or [Lam99℄ likewise applyPAs to 
reate high power RF signals, transmitted between the mobile devi
e and at leastthree base stations, whi
h allows triangulation and determination of the a
tual position. AllPAs in this work have been developed in the framework of the EU funded resear
h proje
tRESOLUTION, whi
h aims at developing a lo
al positioning system with 
m a

ura
y basedon the FMCW radar prin
iple. A system overview is given in Fig. 1.6.
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1.4. POWER AMPLIFIER EFFICIENCIES 7The RF frontend is 
omposed of three main building blo
ks: A LNA, mixer and VGA in there
eive path, a regulated PA in the transmit path and a synthesizer, 
reating the IF signal forthe PA as well as the RF signal for down mixing in the re
eive path. Both re
eive and transmitpaths are operated mutually ex
lusive and 
onne
ted to the same antenna. Further importantsub-blo
ks realize the signal pro
essing and 
ontrol logi
. The FMCW radar prin
iple is basedon the generation and transmission of a frequen
y ramp of growing frequen
y over time. Oneexemplary system spe
i�
ation is based on the time wise syn
hronization of mobile devi
e andbase stations. The re
eiving mobile devi
e 
an then derive the distan
e between base stationand itself by the measured o�set between sent and re
eived frequen
y. High transmissionlinearity is a prerequisite to a
hieve a good position a

ura
y. The interested reader 
an �nda pre
ise explanation of the RESOLUTION fun
tional prin
iple in [Ei
08℄ or [Ell07℄.The goal of this thesis is not only to push the performan
e of CMOS PA implementationsbeyond the state-of-the-art and 
onsider in detail the trade o�s of di�erent ar
hite
tures, intheory as well as by measurement 
omparison. In parallel, a regulated PA subsystem forthe RESOLUTION proje
t has been developed. Design requirements as stated in table 2have to be ful�lled. They were developed by the RESOLUTION proje
t partners who areinvestigating the overall system performan
e.Design requirement Spe
i�
ationOperation frequen
y fop 5.8 GHz3 dB BW > 10 % fopRF gain S 21 > 10 dBMax. output power P1dB 14 dBmDrain e�
ien
y η > 20 %Re�e
tion 
oe�
ients S 11, S 22 ≤ -7 dBStability fa
tor K > 1RF isolation in o� state > 40 dBDC supply swit
hable √Table 2: Spe
i�
ation of RESOLUTION transmitter subsystem.The RESOLUTION system and thereby the transmitter subsystem operate in the li
ense freeISM band at 5.8 GHz. Besides the standard PA spe
i�
ations, two further requirements, dueto the overall system set up, are important:
• The PA must have a DC swit
h o� 
apability in order to redu
e the DC power 
on-sumption to zero when swit
hed o�.
• The PA RF isolation in o� state must ex
eed a spe
i�
 level to RF wise de
ouple thetransmit and re
eive path at the antenna.The position assessment o

urs every few millise
onds, depending on the update rate require-ments. Meanwhile, the power 
onsuming PA 
an be swit
hed o�, saving between 90 % to99 % of the energy when 
ompared to 
onstant PA swit
h on.1.4 Power ampli�er e�
ien
iesSo far, we elusively talked about in
reasing overall RF system energy e�
ien
y and about thesigni�
ant impa
t the PA plays in this. By means of an exemplary GSM mobile terminal, we



8 CHAPTER 1. INTRODUCTION�rst illustrate this 
onsiderable impa
t of the PA on the overall power budget. The detailedview on the power e�
ien
y of a state-of-the-art GaAs PA from RF Mi
ro Devi
es for UMTSthen displays, in whi
h way this power is spent. It is not intended to be representative for all
ell phone implementations, but gives an estimate about whi
h �gures we are talking.Fig. 1.7 depi
ts the 
orresponding pie 
hart for the GSM mobile terminal power budget[Edo01℄. The report spe
i�ed power 
onsumption for talking periods and standby times.Assuming a standby of 5 days and talk time of 8 hours, the shown power distribution results.Visibly, the RF frontend 
onsumes with 59.8 % a major part of the overall energy. Controllogi
 and DSP a

ount for 26.1 % and LCD for 15 % of the total energy.The transmitter with PA a

ounts for 33.4 %, the PA by itself with 30.9 % 
onsumes almostone third of the overall energy spent in the 
ell phone. Generalizing this for the 2 billionhandsets 
urrently in the market, it be
omes obvious, how eminent the impa
t of this small
ir
uit blo
k on a worldwide s
ale has be
ome.PSfrag repla
ements LCD15 % PA30.9 %Re
eiver +Os
illator26.4 %

Control +DSP26.1 % Trans.2.5 %Fig. 1.7: GSM mobile terminal power budget,Trans. = Transmitter ex
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hannel 
hara
teristi
, the PA must provide di�erent RF output power levels to assure



1.5. SUMMARY AND OUTLOOK 9su�
ient SNR. Fig. 1.8 illustrates the statisti
al distribution of required output power levelsfor urban and suburban transmission environments. One 
an see that the peak Pout of 27 dBmis only rarely required, while most of the time, a Pout between -10 dBm and +10 dBm is neededto ensure a

urate transmission.The PA designed by RFMD applies di�erent te
hniques to redu
e the DC power 
onsumptionfor this ba
k o� region. Fig. 1.9 displays the details. Based on the referen
e DC bias of 3 V toa
hieve the maximum linear output power of 27 dBm, gate bias adjustments for the ba
k o�region redu
e the �owing DC 
urrent already 
onsiderably, while nevertheless a
hieving theredu
ed Pout values. Furthermore, a DC/DC 
onverter 
an be applied to redu
e the applied
Vdd and thus minimize the DC power spent in the PA. Combining both approa
hes leads totremendous savings of DC power for the ba
k o� region when 
ompared to unregulated PAs.Fig. 1.10 �nally exhibits the spent DC power using all the regulation te
hniques and theresulting RF power. Out of this, the a
tual drain e�
ien
y η versus Pout 
an be 
al
ulated.The peak e�
ien
y rea
hes 46 % at a Pout of 27 dBm and then de
ays towards single digitper
entages below a Pout of 5 dBm. Based on ηactual, the average e�
ien
y ηaverage 
anbe 
al
ulated by applying for example the suburban output power distribution. Due to thelowered ba
k o� e�
ien
y, the average e�
ien
y ηaverage rea
hes a mere 10.2 %.Summarizing, out of the total 
ell phone power budget, 30.9 % are spent for the PA. This poweris only to 10 % 
onverted into RF signal power, even when using advan
ed GaAs te
hnologyfor the PA; the dominating part is thermally dissipated. This 
lari�es, how mu
h to do remainsto improve PA energy e�
ien
y. Huge advan
ements are still ne
essary to in
rease batterylifetime and to redu
e the energy 
onsumption asso
iated 
arbon dioxide emissions.In order to improve the average PA e�
ien
y, two leverages are possible. The most basi
one is to improve the PA peak e�
ien
y, the fo
us of this work. A
hieving high peak η, andthis possibly in CMOS, allows a 
onsiderable redu
tion in produ
tion 
osts, whi
h will enablea further spread in wireless 
ommuni
ation te
hnologies and sets the stage for the se
ondpossible lever. A
hieving high peak e�
ien
ies is the ne
essary prerequisite for further PAregulating s
hemes to enhan
e the ba
k o� e�
ien
y, another interesting resear
h area per se,also under development at the Chair for Cir
uit Design and Network Theory, TUD.1.5 Summary and outlookThis 
hapter gave an overview over two important developments in the wireless 
ommuni
a-tion se
tor, namely in
reasing bandwidths and fun
tionality for de
reasing form fa
tors and
osts, whi
h represent the main reasons for the tremendous su

ess on the mass market. Astandard RF trans
eiver ar
hite
ture was presented and set in 
ontext to the RESOLUTIONRF frontend. Finally, by means of an exemplary 
ell phone power budget and the PA e�
ien
y
al
ulation, the urgent need for improving PA energy e�
ien
y was motivated.The up
oming 
hapters are stru
tured as follows: Chapter 2 will introdu
e general IC te
h-nology basi
s and presents the key 
omponents of the applied CMOS te
hnology. Chapter 3familiarizes the reader with the most important performan
e parameters of a PA. Subse-quently, 
hapter 4 dis
usses the most 
ommon PA ar
hite
ture 
hoi
es, followed by 
hapter5 that presents the steps when designing power ampli�ers. Chapter 6 analyzes and dis
ussesthe realized PA designs, presenting in detail the analysis 
arried out and the obtained simu-lation and measurement results and 
ompares them with the state-of-the-art. The following
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hapter dis
usses by means of the RESOLUTION transmitter implementation the drawba
ksa designer has to 
onsider when implementing PA 
hips in pa
kaged solutions. This is followedby a 
omparison of the implemented PA design performan
es and �nally, with the 
on
lusionand outlook.


