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DESIGN OF AN X-BAND SIGE DRIVER AMPLIFIER

SUMMARY

In this work, RF amplifier theory is examined for operation modes, amplifier
architectures and performance parameters. The requirements and specifications of an
RF amplifier are also investigated. Driver amplifier concept and its place in an RF
transceiver system are studied. Integrated RF amplifier design methodology and
measurement procedures for a manufactured amplifier to examine its performance
parameters are explained. Silicon-germanium BiCMOS technology is described and
an X-Band driver amplifier designed in a SiGe BiCMOS technology is presented
with simulated and measured performance parameters.

SiGe BICMOS technology offers high performance silicon-germanium
heterojunction bipolar transistors with high transition frequency, low noise and high
level of process integration with basic CMOS technology. It is possible to implement
SiGe high frequency transceivers and CMOS digital functions, power management
circuits on the same die with SiGe BICMOS technology.

Many RF transceivers have an output power in excess of 2 watts. Any power
amplifier, last stage for a transmitter, with a gain around 20 dB, requires high input
power from a source with good output impedance matching to ensure stability and to
increase overall performance. Driver amplifiers are used as building blocks in RF
transceivers for such purposes. High gain, linearity, good input and output
impedance matching are the main performance parameters of driver amplifiers.

An X-Band SiGe driver amplifier is designed as a part of this study. The amplifier
utilizes push-pull architecture and consists of two stages. It shows a measured
maximum gain of 19 dB, output power of 12 dBm at the 1-dB compression point,
good input and output impedance matching for relevant frequency band. The
amplifier is modified to achieve higher performance as a follow up study. Second
iteration of the amplifier shows a measured maximum gain of 26 dB, output power of
14 dBm at the 1-dB compression point, good input and output impedance matching.
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X-BAND SiGE SURUCU KUVVETLENDIRICiSi TASARIMI

OZET

Radyo frekans teknolojisi modern bilimsel arastirmalar ve endiistriyel iiriinler
anlaminda bir yapi tas1 konumundadir. RF teknolojisi yirminci yiizy1ll basindan
itibaren televizyonlarda, radarlarda ve iletisim sistemlerinde kullanilmaktadir.
Yiiksek frekans RF teknolojisi radyo astronomisi gibi iist diizey bilimsel
arastirmalara da Onciiliik etkmektedir. Tiimdevre teknolojilerinin ve tiimdevre
tranzistorlerin gosterdigi yiiksek performans, diisiik gii¢ tiiketimi ve entegrasyon
kapasiteleri radyo frekans teknolojisinin tlimdevre bazli liretimine Onciiliikk etmistir.
Gilinlimiizde yiiksek frekans haberlesme  sistemleri, radarlar, havacilik
uygulamalarinda yogun olarak tiimdevre RF sistemler kullanilmaktadir. Bu
sistemlerin artan bant genislikleri ve merkez frekanslar1 ¢cok sayida sistem i¢in kati
hal RF devre tasarimini zorunlu hale getirmektedir. GaAs, SiGe gibi heterojonksiyon
bipolar tranzistorler RF tiimdevrelerin diisiik giiriilti, yiiksek performans ve
entegrasyon kabiliyeti gibi 6zelliklerinin 6n plana ¢ikmasmin saglamistir. Bu
tranzistorler basta RF kuvvetlendiriciler olmak iizere pek ¢ok devre i¢in dnemli aktif
elemanlar olarak kullanilmaktadirlar.

Timdevre RF  kuvvetlendiriciler —karmasik radyo frekans sistemlerinin
gelistirilmesinde 6nemli bir basamak olusturmaktadirlar. RFID, otomobil ¢arpigsma
Onleme sistemleri, uydu televizyon yayini, uydu takip sistemi, kablosuz yerel aglar,
radar sistemleri karmasik RF sistemlere 6rnek gosterilebilir. Farkl sistemler ve farkli
uygulama alanlar1 i¢gin RF kuvvetlendirici isterleri degisiklik gdstermektedir. Bu
isterler merkez frekans, bant genisligi, dogrusallik, kazang, ¢ikis giicii, verimlilik ve
gii¢ tiiketimi olarak siniflandirilabilir. RF kuvvetlendiriciler belirli isterler i¢in farkli
topolojiler ve/veya teknolojiler kullanilarak tasarlanabilirler.

RF kuvvetlendiricilerin modern uygulama alanlar1 farklhilik gostermektedirler.
Frekans bazli olarak VLF bandindan EHF bandna kadar iletisim, navigasyon ve
yaym amac¢l uygulama alanlar1 bulunmaktadir. Bu uygulama alanlar1 frekans
haricinde ¢ikis gilicii bazli olarak da farklilik gostermektedirler. Kisa menzilli
sistemlerin ¢ikis gilicii genellikle 20 mW altinda olmasma karsm, genis menzilli
kablosuz sistemler i¢in ¢ikis giicii 1 MW iistiinde olabilmektedir. Giiriilti ve
dogrusallik gereksinimleri de farkli sistemleri icin degisiklik gosteren isterlerdir.
Uydu takip sistemi kuvvetlendirici diisiik giiriiltii isterleri, radar kuvvetlendiricileri
yiiksek dogrusallik isterleri i¢in 6rnek gosterilebilir. Kuvvetlendiricilerin alic1 veya
verici bazli kullanimi da bu isterleri etkilemektedir.

Bu ¢alismada RF kuvvetlendirici teorisi ¢alisma modlari, kuvvetlendirici mimarileri
ve performans parametreleri lizerinden incelenmistir. RF kuvvetlendiricinin sahip
olmas1 gereken Ozellikler ve isterler belirtilmistir. Siiriicii kuvvetlendiricisi kavrami
anlatilmig ve RF alici-verici sistemindeki yeri ag¢iklanmistir. Tiimlesik RF
kuvvetlendirici tasarim metodolojisi ve liretilmis bir kuvvetlendiricinin performans
karakteristiklerini belirleyici 6l¢lim yOntemi anlatilmistir. Silisyum-germanyum
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BICMOS teknolojisi anlatilmig, SiGe BiCMOS teknolojisi kullanilarak tasarlanan
X-Band bolgesinde ¢alisan bir siiriicii kuvvetlendirici tasarimi benzetim ve Olgiim
sonuglari ile birlikte verilmistir.

SiGe teknolojisi ucuz, hafif ve yiiksek performansh kisisel iletisim cihazlarinin
gelisimini hizlandiran bir etmendir. Bu teknoloji kiiresel konumlandirma sistemi,
direkt uydu yaymi, yiiksek hizli senkron optik ag alici/vericiler, otomobil ¢arpigma
sistemleri, faz Otelemeli radar sistemleri gibi g¢esitli elektronik muharebe, kisisel
eglence ve iletisim sistemleri i¢cin de belirleyici bir role sahiptir. SiGe teknolojisi
baslangigta yliksek performansli hesaplama ihtiyaglar1 i¢in gelistirilmesine karsin
yiiksek statik gilic tiiketimi nedeniyle bu pazarda basarisiz olmustur. Fakat bu
teknoloji kablosuz iletisim sistemlerinde benzer gii¢ tiikketimleri icin CMOS
benzerlerinden daha yiliksek performans gostermektedir. SiGe heterojonksiyon
bipolar tranzistor teknolojisi diisiik giiriiltii, yiiksek dogrusallik ve hiz gibi 6nemli RF
performans kriterlerini CMOS benzerlerine gore daha az alan kullanarak ve daha
diisik maliyetle saglamaktadir. SiGe HBT teknolojisinin diger heterojonksiyon
bipolar teknolojilerinden ayrilma noktasi ise CMOS teknolojisi ile entegrasyon
kabiliyetidir. SiGe BiCMOS teknolojisi diisiik giiriiltiilii, yiiksek gecis frekansh
silisyum-germanyum heterojonksiyon bipolar transistorler ile temel CMOS
teknolojisini ayni kirmik tizerinde iiretilebilmesini saglamaktadir. SiGe BiCMOS
teknolojisi ile yiiksek frekans SiGe disiik giiriiltii kuvvetlendiricileri, karistiricilar,
frekans yiikselticiler, gerilim kontrollii osilatorler, giic kuvvetlendiricileri, frekans
sentezleyicileri, analog-sayisal ve sayisal-analog isaret donistiiriictileri ile CMOS
sayisal isaret isleme, giic yoOnetim devreleri aym kirmik {zerinde yer
alabilmektedirler.

Kablosuz RF iletisim sistemleri giiniimiiz elektronik tasarimlarmm 6nemli kismini
olusturmaktadirlar. Bu tiir RF iletisim sistemlerinin yliksek menzil ihtiyaclari
alici-verici devrelerinin isterlerini belirlemektedir. RF alici-verici devrelerinin ¢ikis
katlarmin gii¢ isterleri ¢ogunlukla 2 watt tizerinde olmaktadir. RF alici-verici
devresinin ¢ikis kat1 olan gii¢ kuvvetlendiricisinin kazanci 20 dB yakinlarinda ise
kuvvetlendirinin yiiksek performans gostermesi ve kararli olmasi i¢in bu
kuvvetlendiricinin yiiksek giris giicli ile iyi ¢ikis empedans eslesmesine sahip bir
kaynak tarafindan siiriilmesi gerekmektedir. Siiriicii kuvvetlendiriciler RF
alici-vericilerde bu amagla kullanilan devrelerdir. Yiiksek kazang, dogrusallik, iyi
giris ve cikis empedans eslesmesi siiriicii kuvvetlendiricilerin 6nemli performans
karakteristikleridir.

Bu calismada X-Band frekans araliginda ¢alisan bir SiGe siiriicii kuvvetlendiricisi
tasarlanmistir. Bu kuvvetlendirici push-pull devre mimarisine sahip olup, iki kattan
olugsmaktadir. Push-pull mimarisi tiimdevre tasarimindaki kirmik i¢in metal
baglantilar, kirmik-sistem ara baglant1 telleri, cesitli jonksiyon kapasiteleri, uzun
baglant1 endiiktanslari, besleme hatt1 direncgleri gibi parazitiklerin devre tasarimina
olan etkisinin minimal olmasin1 saglamaktadir. iki kattan olusan tasarimn ilk kat:
kazang elde etmek i¢in olusturulup yiliksek performansli SiGe heterojonksiyon
bipolar tranzistdrler kullanilarak tasarlanmustir. ikinci kat siiriicii kuvvetlendiricinin
kazang ve giic amagli olarak tasarlanan bolgesidir. Bu katta orta gerilime dayanan
SiGe  heterojonksiyon  bipolar  tranzistorler  kullanilmistir.  Push-pull
kuvvetlendiricinin ~ ¢alismast  i¢in  gerekli  isaretler = devredeki entegre
transformatorlerin tek wucglu giris isaretini farksal isarete doniistiirmesi ile
saglanmistir. Benzer bir transformatdr cikista bu farksal isaretin RF sistem
ihtiyaglarma uygun tek uclu isarete doniistiiriilmesi igin kullanilmistir. Devrede
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kullanilan transformatdrler ilgili SiGe BiCMOS teknolojisinin sagladig1 en iist iki
kalin metal kullanilarak tasarlanmuistir. Transformatorler simetrik iki sarimdan
olusmakta olup yiiksek baglasma katsayisi ve farksal sinyal agisindan yiiksek faz ve
genlik eslesmesi gostermektedirler. Devrenin giris ve ¢ikis eslesmesi, transformator
sarim endiiktanslari, baglanti telleri endiiktanslar1 ve tranzistor giris/¢ikis kapasiteleri
ile olusturulan rezonanslar ile saglanmistir.

Devrenin tasarim asamasindaki sematik gosterimi, benzetim sonuglari, tiimdevre
serimi tez kapsaminda verilmistir. ilgili kuvvetlendiricinin iiretim sonras1 kirmik
fotograflari, 6l¢lim i¢in kullanilacak test modiilii, ¢esitli 6l¢iim diizenekleri ve 6lgiim
sonuglar1 tezin devaminda gosterilmistir.

Yapilan 6lctimler sonras1 kuvvetlendiricinin en yliksek kazan¢ degerinin 22 dB ve 1-
dB bastirma noktasindaki ¢ikis giiciiniin 12 dBm oldugu goriilmiistiir. Calismanin
devaminda kuvvetlendiricinin performansinin yiikseltilmesi i¢in devre yapisinda
degisiklikler yapilmistir. Yapilan 6lgimler sonrasinda ikinci kuvvetlendiricinin en
yliksek kazang degerinin 26 dB ve 1-dB bastirma noktasindaki ¢ikig giicliniin 14
dBm oldugu goriilmiistiir. Her iki kuvvetlendirici ilgilenilen frekans araligi i¢in 1yi
giris ve ¢ikis empedans eslesmesi gostermektedir.
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1. INTRODUCTION

Radio frequency technology is one of the most important technologies of modern
scientific world. Starting with the twentieth century radio frequency technology was
used in televisions, radars and all telecommunication systems. Improvement of radio
frequency equipment in higher frequencies enabled many research projects in radio
astronomy field. As the integrated transistors improved over years, communication
systems, radio frequency aerospace applications and radars were dominated by
solid-state RF circuits with ever increasing frequencies. Gallium arsenide technology
was a start for developing transistors showing better performance and operating in
high frequencies. These transistors were developed to be used in RF systems, mainly

RF amplifiers.

Solid-state RF amplifiers played an important role in development of complex radio
frequency systems, such as global system for mobile communications, wireless local
area networks, satellite television, global positioning system, RFID, automobile
collision avoidance systems and maritime radars. Different systems with different
applications have many unique requirements for frequency, bandwidth, linearity,
gain, power, efficiency, etc. RF amplifiers can be designed for specific requirements

with many different architectures, techniques and solid state technologies.

Modern applications of RF amplifiers are highly varied. Different frequencies from
VLF to EHF are used communication, navigation and broadcasting. Their output
powers are also vary with applications. While short range wireless systems requires
around 10 mW of power, long range broadcast transmitters usually need over 1 MW
output power [1]. RF amplifiers are also being used in radars, RF heating, plasmas,
magnetic resonance imaging and laser drivers. Noise and linearity requirements are
other important factors to be taken into consideration depending on the usage of RF
amplifier. Many GPS modules have a very low noise RF amplifier as a first stage of
their receivers. Cellular RF transceiver modules performs the RF front end
transmit/receive function in time-division-duplex or frequency-division-duplex

communication systems. They operate over a wide frequency range and their



transmitters usually include a driver amplifier that requires high linearity. This work
focuses on the driver amplifiers but includes general knowledge about RF amplifiers
as a whole literature abstract in the second chapter.

Silicon-germanium technology is the driving force behind the exponential
development of low cost, lightweight, personal communications devices as well as
other entertainment, information and electronic warfare technologies like direct
broadcast satellite, global positioning system, automobile collision avoidance
systems, high speed synchronous optical network transceivers and phased arrayed
radars [1]. Silicon-germanium technology was originally developed for the high-end
computing market but failed due to the high static power consumption of the SiGe
HBTSs. Interestingly, for RF communications circuits, silicon-germanium technology
is more suitable than conventional CMOS technology as SiGe HBTs consume much
less power than CMOS to achieve the same level of performance. Silicon-germanium
technology offers SiGe HBTs with low noise, high linearity and high speed than their
conventional CMOS equivalents for lower production cost and size. It is also quite
important that SiGe BICMOS technology offers the advantages of both SiGe HBTs
and basic CMOS transistors on the same die. A vast range of RF and mixed-signal
circuits can be designed with SiGe BIiCMOS technology, such as low noise
amplifiers, power amplifiers, mixers, voltage controlled oscillators, synthesizers,
high speed analogue to digital and digital to analogue converters. It is also possible to
implement SiGe high frequency transceivers and CMOS digital functions, power
management circuits on the same die with SiGe BICMOS process. These,
multifunction, system on chip solutions can be found in cordless phones, mobile
phones, wireless local area networks, satellite communications and automotive
navigation and toll systems [2]. Third chapter focuses on silicon-germanium

technology, aspects and fabrication of SiGe HBTSs.

RF amplifier design is vital to our current technological advancement trend of
wireless communications, broadcasting and electronic warfare. Transmitters of such
systems require high output power to operate over a long range. RF power amplifiers
provide these high output power levels. Any power amplifier with a gain around
20 dB and output power around 2 watts requires high input power to drive the
antenna with maximum output power. Many power amplifiers also require input

power to be sourced from a known, specified impedance to ensure stability and to



improve performance. Driver amplifiers are used as building blocks in RF
transceivers for such purposes. High gain, linearity, good input and output
impedance matching are the main performance parameters of driver amplifiers. Last
chapter focuses on design methodology and measurement procedures for RF driver
amplifiers, presents an X-Band SiGe driver amplifier design and a second iteration

with better performance.






2. RF AMPLIFIER THEORY

This chapter consists of general information about RF amplifier theory. Performance
parameters and main characteristics of RF amplifiers are explained. Different
amplifier architectures, conventional, overdriven and switching mode amplifiers are
also examined. This section covers requirements, specifications and architectures for

an integrated driver amplifier design but definitions can applied to all RF amplifiers.

2.1 Performance parameters

RF driver amplifiers are used as gain stages with medium output power capabilities.
They are expected to provide good gain, input and output return loss over an
application specific frequency range. A driver amplifier usually needs to be linear
and its output power level should be high enough to saturate following power
amplifier. Driver amplifiers are the last stage for many integrated RF transceiver
systems [3-6] and their efficiency plays a role to determine power consumption,
hence thermal characteristics of integrated RF transceiver systems. Almost all of
these performance parameters are part of a trade-off and they should be optimized for
requirements of different applications. Frequency range, gain, input return loss,
output return loss, reverse isolation, stability, 1-dB compression point, intercept
point, power-added efficiency, noise figure are main performance parameters of a
driver amplifier and they are explained in this chapter. It should be noted that an RF
amplifier can be modelled as a two port network and S parameters can be used to
define some of the stated performance parameters. This work references gain, input
return loss, output return loss, reverse isolation and stability to their corresponding
S parameters and related equations with input terminal of the amplifier as port 1,

output terminal of the amplifier as port 2.

2.1.1 Frequency range

RF driver amplifiers are designed to operate for certain frequencies. Frequency range

of an amplifier defines bandwidth of a transceiver system and wide band amplifiers



can be used in multiple systems for different applications. Many of performance

parameters of an amplifier are given for a certain frequency range.

2.1.2 Gain

Gain of a driver amplifier is defined as power gain. Gain is the ratio of output power
delivered to load and input power applied to the amplifier. It is expressed in decibels.
The magnitude of the square of Sy; is equal to the power gain in decibels. The
bandwidth of the amplifier is defined as the frequency range between 3 dB drop
points of the gain. The ripple of the gain over a certain frequency range defines gain
flatness. The gain equation is shown below.

G = 1010810(|521|2) = 201og1015,11 (2.1)

2.1.3 Input return loss

Input return loss is the ratio of the input power applied to the amplifier and the power
reflected back to the source. It is expressed in decibels. The magnitude of the square
of S1; is equal to the input return gain in decibels and its adverse is equal to the input

return loss. The input return loss equation is shown below.

RLinpur = _1010g1o(|511|2) = —201log;0[S11| (2.2)

2.1.4 Output return loss

Output return loss is the ratio of the output power delivered to the load and the power
reflected back to the amplifier. It is expressed in decibels. The magnitude of the
square of Sy, is equal to the output return gain in decibels and its adverse is equal to

the output return loss. The output return loss equation is shown below.

RLoytpur = _1010g10(|522|2) = —201log;0[S2| (2.3)

2.1.5 Reverse isolation

Reverse isolation is the ratio of the power applied to the output of the amplifier and
the power delivered to the load connected at the input of the amplifier. It is expressed
in decibels. The magnitude of the square of Si, is equal to the reverse gain in
decibels and its adverse is equal to the reverse isolation. Reflected signals can pass
through the amplifier in the reverse direction. This unwanted reverse transmission

can cause the reflected signals to interfere with the desired fundamental signal



flowing in the forward direction. Therefore, reverse isolation is important to

quantify. The reverse isolation equation is shown below.

RI = —1010g(IS121?) = —201ogy,lS1,| (2.4)

2.1.6 Stability

Stability of an amplifier is an indication of the immunity of the amplifier to causing
spurious oscillations, so that it does not generate a signal at its output without an
input signal. The oscillations can be large-signal problems causing disturbance at the
output of the amplifier or more subtle spectral problems causing disturbance to the
system. A common indicator that is used to measure stability is the K-factor. If
K-factor of an amplifier is over 1, that amplifier is unconditionally stable. If it is
greater than zero but less than 1 the amplifier is only conditionally stable and it can
oscillate under certain source or load impedances. The equation for the K-factor is
given below.

_ 1181117 = 1822171811522 =512 52417
21821812l

K (2.5)

2.1.7 1-dB compression point

The linearity of an amplifier refers to a constant gain indifferent to input power level.
However, in practice there is a drop in gain as the input power applied to the
amplifier increases. 1-dB compression point is defined as the input or output power
level that decreases gain by 1 dB. The gain decreases quickly after this input level
and the change in output power will not be linear with changes in the input power
level. Saturation point is defined as the input power level where the gain of the
amplifier is zero. Figure 2.1 shows the 1-dB compression point. Output power at the

1-dB compression point is a key performance parameter for RF driver amplifiers.
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Figure 2.1 : 1-dB compression point of an RF amplifier.
2.1.8 Intercept point

Due to the inherent non-linearity of the RF amplifiers, two or more signals arriving
simultaneously at the input of an amplifier produce additional unwanted signals at
the output. This is called as intermodulation distortion. These additional signals are
called as intermodulation products. Interaction of two input signals with different
frequencies produces intermodulation products at the sum and difference of integer
multiples of the original frequencies. Sum of the frequency multiplier integers gives
the order of the intermodulation product. 2nd, 3rd and 4th order intermodulation

products for input signal frequencies of f; and f, is shown in Figure 2.2.
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Figure 2.2 : Intermodulation products for input signal frequencies of f; and .



Third order intermodulation products have an amplitude proportional to the cube of
the input signal and second order components have an amplitude proportional to the
square of the input signal. Intercept point is defined as the crossing point of
fundamental signal and N-th order intermodulation product for increasing input
power levels. Figure 2.3 shows the concept of intercept point with extrapolation of

fundamental signal, second order and third order intermodulation product.
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Figure 2.3 : Intermodulation products for input signal frequencies of f; and f.
2.1.9 Power-added efficiency

The efficiency of an amplifier is its ability of converting DC power to the output RF
power. Power consumed by the amplifier reduces its efficiency. Output power of an
amplifier increases as its input power is increased below saturation point. After
saturation, increased input power only generates heat for the amplifier. Power-added
efficiency is a measure of the efficiency of an amplifier that considers input RF
power as well as DC power and output RF power to exclude such effects. The

equation for power-added efficiency is given below.

100(Poutput_Pinput)

Vpclpc

PAE =

(2.6)

2.1.10 Noise figure

Noise factor of an amplifier is defined as the ratio of signal to noise ratio at the input

and signal to noise ratio at the input. Noise figure is a measure of how much an



amplifier degrades the signal to noise ratio of an RF system. Noise figure is
equivalent of noise factor in decibels. Equations for noise factor and noise figure can
be seen below.

— SNRinput (2 7)
SNRoutput '
SNR;
NF =101lo (ﬂ) 2.8
810 SNRoutpt (2.8)

2.2 Operation Modes

Operation mode of an amplifier mainly determines output power, efficiency and
linearity. Different modes or classes of operation usually do a trade-off between
these performance parameters. Amplifier classes are defined by their bias points,
therefore by their conduction angles. Conduction angle is described as the interval
that amplification transistor is conducting current. The current of an amplification
transistor without an input signal is called as quiescent current. As quiescent current
of a transistor increases, power consumption and heat dissipation also increases by
default. Heat dissipation could be problem for the amplifier by causing a thermal
runaway or it could be problem for system-on-chip by creating heat gradients and
reducing performance overall. This section gives general information about operation
modes or classes of RF amplifiers. It should be noted that multi stage amplifiers
usually employs two or more operation modes to find the best point for output

power, efficiency and linearity trade-off.

2.2.1Class A

Class A amplifier is defined as an amplifier with an operating point that allows
output current for whole amplification process. Input power of a class A amplifier
should be low enough to make sure that the amplifying transistor never goes into
cut-off region. This means that conducting angle of a class A amplifier is 360

degrees. Output current waveform of a class A amplifier can be seen in Figure 2.4.
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Figure 2.4 : Output current waveform of a class A amplifier.

Quiescent current of a class A amplifier is at least half of the maximum output
current of the amplifying transistor. Output current could be collector or drain
current, depending to the type of output transistor. Class A mode is the most linear
one of all amplifier operation modes. Output signal of a class A amplifier is not
deformed by a transistor cut-off or overdrive. Class A mode also has the highest gain
of all amplifier operation modes, due to input signal being amplified for conduction
angle of 360 degrees. Since the quiescent current of a class A amplifier is high,

efficiency of this mode is low. An ideal class A amplifier has an efficiency of 50%.

2.2.2 Class B

Class B amplifier is defined as an amplifier with an operating point that allow output
current for half of the amplification process. This means that conducting angle of a
class B amplifier is 180 degrees. Output current waveform of a class B amplifier can

be seen in Figure 2.5.
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Figure 2.5 : Output current waveform of a class B amplifier.

Quiescent current of an ideal class B amplifier is zero. However, quiescent current of
a class B amplifier is usually around 5% of the peak output current of the transistor.
This current is adjusted to minimize crossover distortion and transistor nonlinearities
at low output current values. Class B amplifiers requires more input drive level for
the same output power level of class A amplifiers. Class B mode provides lower gain
than class A mode, due to input signal being amplified for only half of the duration.
Class B amplifiers are more efficient than their class A counterparts. An ideal class B

amplifier has an efficiency of 78.5%.

2.2.3 Class AB

Class AB amplifier is defined as an amplifier with an operating point between class
A mode and class B mode. Class AB amplifiers have conduction angles between
180 degrees and 360 degrees. Output waveform of a class AB amplifier can be seen

in Figure 2.6.
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Figure 2.6 : Output waveform of a class AB amplifier.

Class AB amplification mode is a compromise between class A and class B modes in
terms of gain, output power and linearity. Class AB amplifiers are more efficient
than their class A counterparts as a trade-off of their linearity. As a consequence of
their conduction angle between 180 degrees and 360 degrees, the efficiency of class
AB amplifiers are between 50% and 78.5%.

2.2.4Class C

Class C amplifier is defined as an amplifier with an operating point that allows
amplification less than half of the input signal cycle. This means that conducting
angle of a class C amplifier is less than 180 degrees. Output waveform of a class C

amplifier can be seen in Figure 2.7.
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Figure 2.7 : Output current waveform of a class C amplifier.

Class C amplifiers biased at a point that idle behaviour of the amplification transistor
is cut-off and no drain or collector current flows. Linearity of a class C amplifier is
worse than class A and class B amplifiers due to reduced conduction angle and its
effects on producing a signal with modulated envelope [7]. Efficiency of a class C

amplifier can approach to 90% depending on the bias point and conduction angle.

2.25Class D

Class D amplifier is defined as a switching mode amplifier that uses transistors as
switches to generate square waveform at the output. A tuned filter at the output is
also required to pass only the fundamental frequency to the load. Class D amplifiers
can be voltage mode or current mode depending on the application and output filter
characteristics. Output waveform of a voltage mode class D amplifier can be seen in

Figure 2.8.
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Figure 2.8 : Output waveform of a class D amplifier.

Efficiency of an ideal class D amplifier theoretically approaches to 100%. However,
device parasitics such as drain-source capacitances, collector-emitter capacitances,
interconnect inductances and non-zero switch resistances limit efficiency of the class

D amplifiers to a lower value.

2.26Class E

Class E amplifier is basically a single transistor operated as a switch. Class E
amplifiers are switching mode amplifiers that generate output voltage by charging
parasitic output capacitance. Class E amplifiers employ RF choke and tuned load
network to operate properly. When switch is on collector or drain voltage is zero and
when it is off collector or drain current is zero. Efficiency of class E amplifier is
higher than similar class D switching mode amplifiers because parasitics can be
included to tuned load network and overall switching losses are lower than class D

mode.

2.2.7Class F

Class F amplifiers are very similar to class E amplifiers but they employ harmonic
resonators in the output matching network. These harmonic resonators are tuned to
provide open circuit to odd harmonics and short circuit to even harmonics. This
process generates a square shaped output voltage with sharp edges, resulting in

reduced overlap between current and voltage waveforms and increased efficiency.
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2.3 Architectures

RF amplifiers can be designed in many ways for different applications regarding
their needs. Many RF amplifiers are consists of multiple gain, driver and power
stages. If an application needs high output power, there might be a power combining
network. This section covers push-pull and balanced configurations, multistage
amplifier design.

2.3.1 Push-pull amplifiers

The basic push-pull amplifier architecture consists of two RF amplifiers that are
driven differentially so that they operate in different phases. Output load of these
amplifiers also connected differentially between these amplifiers with a balun. These
RF amplifiers are also driven by a balun to ensure anti-phase operation. Since baluns
are matched to a specific impedance value, push-pull amplifiers have an impedance
matching network at their inputs. Baluns that used in the output are also matched to a
specific impedance value and RF amplifiers have optimum load impedance that gives
best gain or power results. Therefore, push-pull amplifiers also have impedance
matching networks at their outputs. Single stage push-pull amplifier is shown in

Figure 2.9.
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Figure 2.9 : Single stage push-pull amplifier.
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Push-pull amplifiers have the efficiency as two single-ended amplifiers that used in
the design. Differential operation allows push-pull amplifiers to have higher gain and
output power than their single-ended counterparts. Insertion loss of baluns and
impedance matching networks should be minimized to have a gain advantage over
single-ended amplifiers. Differential operation allows push-pull amplifier to have a
good second harmonic performance. Push-pull operation ensures both amplifiers to
have their voltage and current values equally different from idle state with opposite
signs. Therefore, voltage drops affecting ground and supply nodes in single-ended
amplifiers will be eliminated in push-pull amplifiers. It is also known that push-pull

architecture is robust against parasitics and bondwire inductances [8,9].

2.3.2 Balanced amplifiers

Push-pull amplifiers are a subset of balanced amplifiers but balanced amplifiers have
a more specific definition in RF amplifier theory. Balanced amplifiers are defined as
two identical amplifiers with an input signal from an input power splitter which
produces two signals in phase quadrature and the outputs are combined using an
output power combiner. Input power splitter and output power combiner are usually
quadrature 3-dB couplers. The main advantage of this architecture is any reflection,
due to imperfect impedance matching, pass back through the couplers and cancel

each other [10]. Balanced amplifier configuration is shown in Figure 2.10.
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Figure 2.10 : Balanced amplifier configuration.

A balanced amplifier cannot be designed without a good power splitter and
combiner. Balanced operation of the amplifier requires quadrature 3-dB coupler.

3-dB quadrature coupler is a well-known component, usually designed with a pair of



coupled quarter wave transmission lines. A generic quadrature coupler and its

frequency response are given in Figure 2.11.
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Figure 2.11 : Quadrature coupler and frequency response.

2.3.3 Multistage amplifiers

RF amplifiers usually need multiple stages with different purposes. Gain, linearity
and output power requirements of the amplifier define the number and the purpose of
these stages. Gain stage is used when input power of the amplifier is low and gain
requirement of the amplifier is high. Driver stage is used when output power of the
amplifier should be high enough to saturate next stage. Power stage is used when
output power requirement of the amplifier is high. Efficiency of the gain stage and
the driver stage is usually negligible due to high power consumption of the power
stage. Overall linearity of the amplifier is limited by each stage of the amplifier
chain. Linear amplifier design requires a balance between gain and output power at
1-dB compression point of corresponding stage. Since every stage has different
optimum load impedance for their operation, interstage impedance matching
networks are placed in between. Interstage matching networks could include some
elements to provide bias or supply voltage and to help with the stability of the

amplifier.
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3. SILICON-GERMANIUM TECHNOLOGY

Silicon-germanium  heterojunction bipolar transistors are high performance
transistors with maximum transition, oscillation frequencies over 300 GHz. They
also extremely low values of noise figure. SiGe HBTSs can be easily integrated with
MOS transistors in a BICMOS technology, allowing high performance SiGe HBTSs to
be used in RF side and CMOS transistors to be used in digital gates on the same
integrated circuit. These features make SiGe BIiCMOS technology an ideal process
for RF system design.

SiGe HBT is a revolution for bipolar transistor design. Before emergence of SiGe
heterojunction bipolar transistor, compound semiconductor technologies, such as
GaAs, was used to produce heterojuction bipolar transistors. Heterojunction forming
was thought to be difficult between silicon and germanium due high lattice mismatch
between them. Research made on semiconductor materials showed that a good
heterojunction can be formed between silicon and germanium only if the SiGe layer
is thin and germanium content is below 30 percent. It is possible to grow SiGe layer
that fits onto the silicon lattice without dislocations and imperfections under these
conditions [2]. Figure 3.1 shows cross-sectional view of integrated basic planar
bipolar transistor, self-aligned double polysilicon bipolar transistor and silicon-

germanium heterojunction bipolar transistor.

As it can be seen from the cross-section of SiGe HBT, p+ SiGe base layer is grown
after silicon dioxide isolation formation. It is followed by p+ type silicon side layer
growth. Polysilicon layers formed to construct base in a similar way that has been
used in self-aligned double polysilicon bipolar technology. RF performance of SiGe
heterojunction bipolar transistors are enhanced by these heavily doped layers.
Collector is formed by n+ type growth of single-crystal materials. Emitter is
constructed by heavy n+ type doping of polysilicon once again helping to improve

RF performance [11].
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Figure 3.1 : Cross-sectional view of integrated basic planar (a), self-aligned double
polysilicon (b), SiGe heterojunction (c) bipolar transistors.
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3.1 Operating Principles of SiGe HBTs

SiGe HBTs need bias voltage applied to the emitter/base and collector/base
junctions. All possible bias configurations can be constructed by biasing these
junctions. Operating modes of SiGe HBTs are shown in Figure 3.2.
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Figure 3.2 : Operating modes of SiGe HBTSs.

The current gain of the transistor can be utilized in forward active operation mode.
Base-emitter junction is forward biased and collector-base junction is reverse biased
in this operation mode. Forward bias voltage depends on base layer formation and
overall doping of active regions. It is usually around 0.8 V for SiGe HBTSs. Inverse
active operation mode also provides some gain but it is much lesser than forward
active operation mode. Reverse bias is applied to base-emitter junction and forward
bias is applied to collector-base junction in this mode. Cut-off operation mode is
used to configure the transistor as an open switch by applying reverse bias to both
junctions. Saturation operation mode allows current flow between collector and
emitter and the transistor operates as a short switch by applying forward bias to both

junctions.
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One of the most important electrical properties of SiGe HBTS is the common emitter
current gain of the transistor. It is defined as the ratio of collector current to base
current, equation can be seen below.

p = le (3.1)
Ip

The current gain is valid for forward active operation mode. The forward bias
applied to the base-emitter junction supplies the base with a large number of
electrons from the emitter. The electron concentration of the base becomes gradient
with the forward bias. This gradient encourages the electrons to diffuse to the
collector. Since the base of the SiGe HBT is narrow, the most of the injected
electrons diffuse to the collector-base junction and reach to the collector due to
reverse bias of the collector-base junction. The small base widths of the SiGe HBTS,
essentially all bipolar transistors, are what distinguish them from two back to back
connected diodes. The base width of the transistor should be smaller than the
diffusion length of electrons in the base. The heavy doping of emitter allows the

emitter current to be much higher than the base current [2,11].

Common emitter configuration is the most popular circuit configuration of the SiGe
HBTSs. There are other configurations called common base and common collector.
These configurations are named by their common terminal shared by input and

output. These three circuit configurations are shown in Figure 3.3.

lg

(a) (b) ()
Figure 3.3 : Three circuit configurations of SiGe HBTSs.
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3.2 Junction Breakdown

Reverse bias voltage that applied to collector-base junction has an upper limit. High
reverse bias voltage causes the junction to break down and allows a high current
between the collector and the emitter. This upper limit voltage is called as
breakdown voltage and the incident is called as junction breakdown. The general

operation principles of SiGe HBTSs are not valid for breakdown region.

There are several physical mechanisms that causes junction breakdown or allows
high current at high voltages. These mechanisms are punch-through, zener
breakdown and avalanche breakdown. An illustration of different breakdown

mechanisms with a changing reverse bias voltage can be seen in Figure 3.4.
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Figure 3.4 : An illustration of different breakdown mechanisms.
3.2.1 Punch-through

The reverse bias voltage of collector-base junction causes the collector-base
depletion region to extend into the base and modulate the base width. As the reverse
bias voltage gets higher the collector-base depletion region extends further, across
the whole width of the base, and merges with the emitter-base depletion region. The

event that connects the emitter and collector by a merged depletion region is called
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as punch-through. Punch-through allows large current flow between collector and

emitter.

3.2.2 Zener breakdown

Zener breakdown is a physical mechanism that allows large number of electrons to
move from valence band to conduction band by a tunnelling mechanism due to high
electric field and thin energy barrier of the semiconductor. Zener breakdown is most
likely to occur in the very heavily doped regions. SiGe HBTs have heavily doped
base and emitter regions; therefore zener breakdown is most likely to occur in the
reverse bias of emitter-base junction. The tunnelling mechanism could be trap

assisted or direct band-to-band tunnelling.

3.2.3 Avalanche breakdown

Avalanche breakdown is the most common breakdown mechanism for SiGe HBTs
and probably for all bipolar transistors. Electron-hole pairs are generated in a reverse
biased pn junction. These electron-hole pairs move in the opposite directions by the
effect of electric field due to reverse bias of pn junction. This is called as leakage
current. As the voltage gets higher, the generated carriers gain enough Kinetic energy
to collide and shatter the silicon-silicon bond. This mechanism is called as impact
ionization. After the breakdown voltage, the generated carriers gain enough Kinetic
energy between collisions and cause a positive feedback by generating more carriers
to accelerate and continue the process. This process is called as avalanche
multiplication. Avalanche breakdown generates a large number of carriers and
therefore enables a large leakage or breakdown current. The doping concentration of
the pn junction and the critical electric field that corresponds to this doping

concentration sets an upper limit to the reverse bias voltage of the pn junction.

3.3 High Frequency Performance

SiGe HBTs are known for their high frequency performances and they are mostly
used in RF integrated circuits. The minority carrier charge that stored in the different
regions of the transistor limits high frequency performance. The minority carrier
charge has to be removed to turn the transistor off, therefore limiting the maximum

frequency of operation for the transistor. The ratio of the stored charge and collector
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current is transit time. Forward transit time, tr, IS defined as transit time of the
transistor operating in forward active operation. Forward transit time limits switching

speed, hence limits maximum frequency of operation.

3.3.1 Cut-off frequency

Cut-off frequency, fr, is the frequency that the common emitter current gain of the
transistor drops to unity. It is the most important parameter for high frequency
operation of SiGe HBTs. SiGe HBTSs cannot be used at higher frequencies than cut-
off frequency as amplifying or switching devices. Variation of current gain with
frequency and cut-off frequency is shown in Figure 3.5.

BE

log ()

log f fr
Figure 3.5 : Variation of current gain with frequency and cut-off frequency.

As it can be seen from variation of current gain with frequency, current gain of SiGe
HBTs drops gradually as operating frequency approaches to cut-off frequency. It
becomes challenging to design RF integrated circuits operating at frequencies close

to cut-off frequency.
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The hybrid-m model of a generic bipolar transistor is shown in Figure 3.6. This small
signal model is used to derive an expression for the cut-off frequency. Common
emitter configuration is used to derive the cut-off frequency expression. The
derivation is not given in this work, however it should be noted that small-signal
current equations of base and collector, junction capacitances, RC delay due to series
collector resistance is used to derive the expression. The equation for the cut-off

frequency is given below.
1

kT
2n<TF+RCC]C+%(C]E+C]C))

fr= (3.2)

The given equation clearly shows that the cut-off frequency of the SiGe HBT is
related to the collector current. The cut-off frequency rises with increasing collector
current until depletion capacitance becomes larger than other terms of the equation.
As the depletion capacitance term becomes comparable or smaller than forward
transit time, the cut-off frequency does not change with increasing collector current.
At high collector currents, the effective base width of the transistor increases due to
current dependent accumulation of the minority carriers. After a certain collector
current, base region expands into collector, degrades forward transit time and
therefore cut-off frequency. Variation of the cut-off frequency with collector current

can be seen in Figure 3.7.
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Figure 3.7 : Variation of the cut-off frequency with collector current.
3.3.2 Maximum oscillation frequency

Maximum oscillation frequency, fmax, is the frequency that the power gain of SiGe
HBT drops to unity. It is another important high frequency parameter for SiGe HBTSs
and bipolar transistors. Maximum oscillation frequency depends on cut-off
frequency, base-collector junction capacitance and base resistance of the transistor.

The expression for maximum oscillation frequency is given below.

Ir

fmax = 87C,cRp (3.3)

3.3.3 Base, collector and emitter resistance

Base, collector and emitter of the SiGe HBTs are builded by silicon and
silicon-germanium layers with different doping profiles. Different doping profiles
mean that series resistance of these terminals varies. Heavily doped emitter shows
small resistance, less heavily doped base shows moderate resistance and lightly
doped collector shows high resistance. These resistances limit both operation current
and frequency. High frequency performance of the transistor is degraded by the
combined effect of these parasitic resistances and junction capacitances of the
transistor. The effects of base and collector resistances to cut-off and maximum

oscillation frequencies are given in earlier sections. Base resistance also degrades the
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charging speed of input capacitance and creates a secondary effect on forward transit

time of the transistor.

Another degradation caused by parasitic resistance is quasi-saturation. High collector
current creates a voltage drop at collector terminal due to collector resistance. If this
voltage drop is high enough to forward bias base-collector junction, quasi-saturation
occurs. It is usually seen as a soft transition to saturation at low collector-emitter
voltages. Variation of collector current for different collector-emitter voltages is

given in Figure 3.8, showing quasi-saturation and saturation.

~

/~— quasi-saturation

saturation

Collector current

Collector/emitter voltage

Figure 3.8 : Variation of collector current for different collector-emitter voltages.
3.4 Silicon-Germanium BiCMOS Process

Digital integrated circuit design is dominated by CMOS technology. CMOS
technology offers many advantages like low power, small area and ease of design.
However, high frequency performance of MOS transistors is limited. SiGe HBTs
offer better high frequency performance than their CMOS counterparts. High
transconductance of SiGe HBTs also allows these transistors to have higher gain,
lower noise and larger drive capability than MOS transistors [2]. SiGe HBTs and

MOS transistors can be produced on a single chip by BICMOS processes.

BICMOS processes offer many benefits to analogue and mixed-signal designs. SiGe

HBTs and MOS transistors can be employed to the best of their abilities to provide
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a better overall performance. Digital circuits such as processors, memories and
analogue/mixed signal circuits such as data converters, amplifiers, mixers, oscillators

can be integrated on a single chip to build a complex system.

The development of the BICMOS technology started with success of N-well, self-
aligned silicon gate CMOS processes. Since N-well was a good candidate to build
the collector of the bipolar transistor, integration of MOS transistors and NPN
bipolar transistors became possible. Cross-sectional view of a generic BICMOS
process can be seen in Figure 3.9.

n+ te [ 3

/ p+ p+ n+ n+
n—well J p— epitaxy
n+ buried layer A n+ buried layer / p

Figure 3.9 : Cross-sectional view of a generic BICMOS process.

bipolar transistor p-channel MOS transistor n-channel MOS transistor
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C B B s/ D s D

The use of buried layer and epitaxy reduced collector resistance, allowed better
current drive and high frequency performance of the bipolar transistors. The buried
layer also reduced the gain of the parasitic PNP bipolar and gave MOS transistors

robustness against parasitic effects such as latch-up.

MOS transistors and SiGe HBTs might share process steps depending on the
technology. p+ source and drain implant of the PMOS could be used to connect SiGe
base to terminal. Similarly, n+ source and drain implant of the NMOS could be used
to build collector contact. Polysilicon gate also could be used to build polysilicon
emitter. Polysilicon emitter layer must be builded before gate oxide growth to ensure
connection. These shared process steps reduce both cost and time to market span of
BICMOS integrated circuits [12]. BICMOS processes usually include many metal
layers with additional thick metal layers to provide ease for digital circuit
interconnections and to enable building of passive RF elements such as inductor,

transmission lines and transformers.
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4. AN X-BAND SIGE DRIVER AMPLIFIER

Driver amplifier is an essential part of transmitter chain. Many RF systems require
high output power to operate over a long range. These high output power levels are
provided by RF power amplifiers. Any power amplifier with gain around 20 dB and
output power around 2 watts requires high input power to drive the antenna with
maximum output power. Many power amplifiers also require precise source
impedance to ensure stability and efficiency. Driver amplifiers employed in such

conditions.

4.1 Amplifier Design

This section presents a SiGe driver amplifier to be used as a building block for an
X-Band transceiver module. The amplifier utilizes push-pull architecture with
input/output transformers providing single-ended to differential signal conversion
and input/output impedance matching. Push-pull architecture is known for its good
second harmonic suppression and robustness against parasitics. Push-pull
configuration requires differential input signals to operate properly. Integrated
transformers have been used as baluns at X-Band amplifiers [13-15]. Similarly, the
driver amplifier uses two integrated transformers which are utilized as input and

output baluns. The circuit diagram of the driver amplifier is given in Figure 4.1.
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Figure 4.1 : The circuit diagram of the amplifier.
4.1.1 Technology

In this work, Innovations for High Performance Microelectronics 0.25-um SiGe
BICMOS process is used. This process offers three different types of SiGe HBTs
with different cut-off frequencies and breakdown voltages. The first stage employs
the high performance transistors with peak transition frequency, ft=110 GHz and
maximum oscillation frequency, fnax=180 GHz. The collector-emitter breakdown
voltage of the high performance transistor is 2.3 V. Second stage is designed using
the medium voltage transistors with peak fr=45 GHz and fmn.x=140 GHz. The
collector-emitter breakdown voltage of the medium voltage transistor is 5 V [16].
The common-emitter current gain of both transistors is 150. Passive devices such as
poly resistors and metal-insulator-metal capacitors are available in the process. This
technology also offers five metal layers, top two metal layers being thick metal
layers to build passive elements such as inductors, transmission lines, transformers,

etc.

4.1.2 Input and output transformers

The two uppermost thick metal layers are used to build X1 and X2 transformers.
Input transformer X1 provides single-ended to differential conversion of the input

signal and the impedance matching. Similarly, output transformer X2 provides
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differential to single-ended conversion of the output signal and the impedance

matching. 3D view of the transformer can be seen in Figure 4.2.

Figure 4.2 : 3D view of the transformer.

X1 and X2 transformers are identical in terms of structure, size and specifications.
They have symmetrical structures that allow precise 1:1 turn ratio with minimal
disturbance. Electromagnetic simulations are done to characterize the transformer.
Momentum engine provided by Advanced Design System is used for
electromagnetic simulations. The simulated inductance and quality factor of primary

and secondary windings are shown in Figure 4.3.

The input capacitance of the first stage, the output capacitance of the second stage
and the coupling between transformers are used to generate necessary resonances for
input and output impedance matching. Bondwire inductances and pad capacitances
are also taken into account. Simulated insertion loss of both transformers is below
1.5 dB and it is affected by the insulator thickness between the two uppermost metal
layers. The structure of the transformer allows primary and secondary windings to be
coupled with both top-down and side-by-side proximity. The simulated coupling

coefficent of the transformer is given in Figure 4.4.
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Figure 4.3 : The inductance and quality factor of primary and secondary windings.
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Figure 4.4 : The coupling coefficent of the transformer.
4.1.3 Circuit design

The circuit diagram in Figure 4.1 shows that the driver amplifier consists of two
stages. Both stages utilize common emitter configuration. First stage is designed
using high performance SiGe transistors, Q1 and Q2, with load resistors, R1 and R2.
Differential output of the first stage is connected to the second stage via ac-coupling
capacitors, C1 and C2. Second stage employs medium voltage SiGe transistors, Q3
and Q4, with inductive load from primary winding of X2. Both stages of the
amplifier have emitter degeneration resistances, R3, R4, R7 and R8, to improve
linearity, stability and to prevent thermal runaway. Biasing circuits of both stages are
simple current mirrors with their corresponding transistors and emitter degeneration
resistances. Supply voltage of both stages is 3.3 V. First stage is biased in class-A
mode of operation with bias voltage applied to center tap of X1. It draws 32 mA of
current. Second stage is biased in class-AB mode of operation with bias voltage
applied through resistors, R5 and R6. It draws 16 mA of current. The bias voltages of
both stages can be adjusted externally. Decoupling capacitances for bias and supply
voltages are not given in circuit diagram for clarity. The layout of the amplifier is

given in Figure 4.5.
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Figure 4.5 : The layout of the amplifier.
4.1.4 Simulation results

The circuit is designed and simulated in Advanced Design System. Large signal
S parameter simulation is performed to observe input return loss, output return loss,
gain and reverse isolation of the amplifier. S parameter simulation results are given
in Figure 4.6. Stability factor, K, is also calculated from simulated S parameters and

given in Figure 4.7.
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Figure 4.7 : Stability factor of the amplifier.

S parameter simulation shows that amplifier has a maximum gain of 24 dB with 3 dB
drop points covering 7-10 GHz band. The input and output return loss of the
amplifier is better than 10 dB for 7.5-11 GHz band. Stability factor shows that the

amplifier is unconditionally stable.

Harmonic balance simulation is done to observe noise figure, output third order
intercept point, output power at 1-dB compression point for different frequencies. It
is also repeated to observe power-added efficiency, gain and output power of the
amplifier for different input power levels. Noise figure, output third order intercept
point and output power at 1-dB compression point of the amplifier is shown in
Figure 4.8, Figure 4.9 and Figure 4.10, respectively. Power-added efficiency, gain
and output power of the amplifier for different input power levels is given in
Figure 4.11.
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Figure 4.8 : Simulation results showing noise figure of the amplifier.
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Figure 4.9 : Simulation results showing OIP3 of the amplifier.
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Figure 4.10 : Simulation results showing OP1dB of the amplifier.
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Figure 4.11 : Simulation results showing PAE, gain and output power of the
amplifier for different input power levels.

The amplifier shows below 4 dB noise figure for 7-11 GHz band. Output third order
intercept point and the output power at 1-dB compression point of the amplifier is
above 24 dBm and 12 dBm respectively for the same bandwidth. Power added
efficiency of the amplifier is over 14% at 1-dB compression point and it is over 24%

at saturation for an input signal at 10 GHz.

4.1.5 Measurement results

Figure 4.12 shows the die photo of the manufactured driver amplifier. The die area is
1x1 mm? and the size of the amplifier core without pads is 0.8x0.8 mm?. The test

2 including RF connectors. Input and output of the test

module size is 58%25 mm
module are connected to the amplifier via 50-Q conductor-backed coplanar
waveguides. No external components are used for the input and the output
impedance matching. Thin-film capacitors are placed near the amplifier die for

decoupling purposes. The test module is shown in Figure 4.13.
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Figure 4.13 : Test module of the amplifier.
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Measurements of the amplifier are done in ITU VLSI Labs. It should be noted that
all given results are from calibrated measurements without cable and equipment
losses. S parameter measurement setup can be seen in Figure 4.14. Photograph of the
S parameter measurement setup is shown in Figure 4.15 to give general idea of the

measurement environment.
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Figure 4.14 : S parameter measurement setup.

Figure 4.15 : Photograph of the S parameter measurement setup.
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S parameter measurement results of the driver amplifier are given in Figure 4.16.
The maximum gain of the amplifier is 22 dB at 7.8 GHz with 3-dB drop points
covering 7-10 GHz band. The plot also shows better than 10 dB input and output
return loss for the 8-10 GHz band.
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Figure 4.16 : S parameter measurement results.

43



Noise figure measurement setup is given in Figure 4.17. It should be noted that
ambient temperature and interferers present in the measurement environment could

affect noise figure result, especially for low noise devices.
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Figure 4.17 : Noise figure measurement setup.

Noise figure measurement result of the amplifier is shown in Figure 4.18. The noise
figure of the amplifier is below 5 dB for 7-11 GHz band.
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Figure 4.18 : Noise figure measurement results.

One tone measurements are done to observe overall harmonic performance and
output power for different frequencies and input power levels. One tone

measurement setup can be seen in Figure 4.19.
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Figure 4.19 : One tone measurement setup.

Output power of the amplifier at 1-dB compression point over the 7-11 GHz band

can be seen in Figure 4.20. The amplifier achieves a maximum output power of
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14 dBm at 1-dB compression point. Figure 4.21 shows the power-added efficiency,
gain, and output power of the amplifier versus increasing input power at 10 GHz.
The driver amplifier achieves a power-added efficiency of 11% at 1-dB compression

point, increasing to a maximum of 17% at saturation.
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Figure 4.20 : Measurement results showing OP1dB results for 7-11 GHz band.
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Figure 4.21 : Measurement results showing PAE, gain and output power
with increasing input power at 10 GHz.
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Two tone measurements are done to observe intermodulation products and third

order intercept point of the amplifier. Two tone measurement setup can be seen in
Figure 4.22.
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Figure 4.22 : Two tone measurement setup.
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Measured third order intercept point of the amplifier for 7-11 GHz band is given in
Figure 4.23. It can be seen that the amplifier shows a maximum 24 dBm output third

order intercept point performance.
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Figure 4.23 : Measurement results showing OIP3 for 7-11 GHz band.
4.2 Amplifier Design Second Iteration

The measurements of the first amplifier showed inferior results from the simulations
in terms of both gain and linearity. Modelling of the medium voltage transistors in
the second stage is found to be inaccurate for high current levels. The input
impedance of the second stage also could be lower than initially thought due to high
current of the second stage. Second iteration of the amplifier is designed with these

observations from first iteration.
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The second amplifier also utilizes push-pull architecture with input/output
transformers providing single-ended to differential signal conversion and
input/output impedance matching. The first stage changed to a common emitter stage
cascoded by an NMOS transistor. Interstage impedance matching is added to
increase gain and linearity performance of the first stage. The circuit diagram of the

second driver amplifier is given in Figure 4.24.
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Figure 4.24 : The circuit diagram of the second amplifier.
4.2.1 Interstage impedance matching transformer

The interstage impedance matching transformer X2 is identical to input and output
transformers. Initial simulations of the second amplifier with ideal elements indicated
that a transformer with 1:2 turn ratio could be better for interstage impedance
matching. However, electromagnetic simulations showed that high coupling factor,
symmetrical design and low insertion loss of the initial transformer outweighs the
benefit of other 1:2 transformer builds. All transformers of the second amplifier are

scaled according to changes in transistor sizes and configurations.

4.2.2 Circuit design

The circuit diagram in Figure 4.24 shows that the second driver amplifier consists of
two stages. Both stages utilize common emitter configuration. First stage is designed
using high performance SiGe transistors, Q1 and Q2, cascoded by NMOS transistors,
M1 and M2, with inductive load from X2. A high pass network consists of
resistances, R3, R4, and capacitances C1, C2, is placed to input of second stage to
stabilize the amplifier. Second stage employs medium voltage transistors, Q3 and

Q4, with inductive load from primary winding of X3. Both stages of the amplifier
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have emitter degeneration resistances, R1, R2, R5 and R6, to improve linearity,
stability and to prevent thermal runaway. Biasing circuits of both stages are simple
current mirrors with their corresponding transistors and emitter degeneration
resistances. The sizes of SiGe transistors are reduced for first stage and increased for
second stage. Supply voltage of both stages is 3.3 V. First stage is biased in class-A
mode of operation with bias voltage applied to center tap of X1. It draws 24 mA of
current. Second stage is biased in class-AB mode of operation with bias voltage
applied to center tap of X2. It draws 14 mA of current. The bias voltages of both
stages can be adjusted externally. Decoupling capacitances for bias and supply
voltages are not given in circuit diagram for clarity. The layout of the second
amplifier is given in Figure 4.25.

£
HERP2Z

INIE

AL E,
WENGP,
A ol
i
A
i
i
i
i
pil

N} 3
RN BN

Figure 4.25 : The layout of the second amplifier.
4.2.3 Simulation results

The second circuit is also designed and simulated in Advanced Design System. Large
signal S parameter simulation is performed to observe input return loss, output return
loss, gain and reverse isolation of the amplifier. S parameter simulation results are
given in Figure 4.26. Stability factor, K, is also calculated from simulated S
parameters and given in Figure 4.27.
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Figure 4.26 : S parameter simulation results of the second amplifier.
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Figure 4.27 : Stability factor of the second amplifier.

S parameter simulation shows that amplifier has a maximum gain of 25 dB with 3 dB
drop points covering 7-11 GHz band. The input and output return loss of the
amplifier is better than 10 dB for 8-10.5 GHz band. Stability factor shows that the

amplifier is unconditionally stable.

Harmonic balance simulation is done to observe noise figure, output third order
intercept point, output power at 1-dB compression point for different frequencies. It
is also repeated to observe power-added efficiency, gain and output power of the
amplifier for different input power levels. Noise figure, output third order intercept
point and output power at 1-dB compression point of the amplifier is shown in
Figure 4.28, Figure 4.29 and Figure 4.30, respectively. Power-added efficiency, gain
and output power of the amplifier for different input power levels is given in
Figure 4.31.
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Figure 4.28 : Simulation results of the second amplifier showing noise figure.
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Figure 4.29 : Simulation results of the second amplifier showing OIP3.
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Figure 4.30 : Simulation results of the second amplifier showing OP1dB.
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Figure 4.31 : Simulation results of the second amplifier showing PAE, gain and
output power for different input power levels.

The amplifier shows below 4 dB noise figure for 7-11 GHz band. Output third order
intercept point and output power at 1-dB compression point of the amplifier is above
24 dBm and 14 dBm respectively for the same bandwidth. Power added efficiency of

the amplifier is over 20% at 1-dB compression point and it is over 40% at saturation.

4.2.4 Measurement results

Figure 4.32 shows the die photo of the manufactured driver amplifier. The die area is
1x1.2 mm? and the size of the amplifier core without pads is 0.8x1 mm?. The test
module size is 58x23 mm? including RF connectors. Input and output of the test
module are connected to the amplifier via 50-Q conductor-backed coplanar
waveguides. No external components are used for the input and the output
impedance matching. Thin-film capacitors are placed near the amplifier die for

decoupling purposes. The test module is shown in Figure 4.33.
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Figure 4.33 : Test module of the second amplifier.
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Measurements of the second amplifier are also done in ITU VLSI Labs. S-parameter
measurement results of the second amplifier are given in Figure 4.34. The maximum
gain of the second amplifier is 26 dB at 9 GHz with 3-dB drop points at 7.5 and 10.5
GHz. The plot also shows better than 10 dB input and output return loss for the 7.5-
10.5 GHz band.
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Figure 4.34 : S parameter measurement results of the second amplifier.
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Noise figure measurement result of the second amplifier is shown in Figure 4.35. The

noise figure of the second amplifier is below 5 dB for 7-11 GHz band.
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Figure 4.35 : Measurement results of the second amplifier showing noise figure.

Output power of the second amplifier at 1-dB compression point over the 7-11 GHz
band can be seen in Figure 4.36. The second amplifier achieves a maximum output
power of 14.8 dBm at 1-dB compression point. Figure 4.37 shows the power-added
efficiency, gain, and output power of the second amplifier versus increasing input
power at 10 GHz. The second amplifier achieves a power-added efficiency of 18% at

1-dB compression point, increasing to a maximum of 27% at saturation.
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Figure 4.36 : Measurement results of the second amplifier showing OP1dB.
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Figure 4.37 : Measurement results of the second amplifier showing PAE, gain and
output power with increasing input power at 10 GHz.

Measured third order intercept point of the second amplifier for 7-11 GHz band is
given in Figure 4.38. It can be seen that the second amplifier shows a maximum of

25 dBm output third order intercept point performance.
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Figure 4.38 : Measurement results of the second amplifier showing OIP3.
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5. CONCLUSION

SiGe BiCMOS technology continues to achieve higher performances and integrated
RF solutions offered by this technology are the driving force behind practically every
wireless system. The wireless range of such systems is extending by increasing input
sensitivity and/or output power levels. High output power levels create need for gain
and driver stages. In this thesis, an X-Band SiGe driver amplifier is designed to be

used in an RF system as a gain and driver stage.

The simulated driver amplifier shows better than 10 dB input and output return loss
for 7.5-11 GHz band. The amplifier shows a maximum gain of 24 dB with 3-dB drop
points covering 7-10 GHz band. For an increasing input signal at 10 GHz, the
amplifier shows output power levels of 13 dBm and 15 dBm with PAE of 14% and
23% at 1-dB compression point and saturation, respectively. Measurements show
slightly inferior performance than simulations with better than 10 dB input, output
return loss for 8-11 GHz band and a maximum gain of 22 dB with 3-dB drop points
covering 7-10 GHz band. For an increasing input signal at 10 GHz, the
measurements shows output power levels of 12 dBm and 14 dBm with PAE of 11%

and 17% at 1-dB compression point and saturation respectively.

A second driver amplifier is designed to increase gain and linearity performance.
Same simulations are also run for the second amplifier with results showing better
than 10 dB input, output return loss for 8-10.5 GHz band and a maximum gain of 25
dB with 3-dB drop points covering 7-11 GHz band. For an increasing input signal at
10 GHz, the second amplifier shows output power levels of 14 dBm and 18 dBm
with PAE of 20% and 45% at 1-dB compression point and saturation respectively.
Measurements of the second amplifier show better than 10 dB input, output return
loss for 7.5-11 GHz band and a maximum gain of 26 dB with 3-dB drop points
covering 7.5-10.5 GHz band. For an increasing input signal at 10 GHz,
measurements show output power levels of 14 dBm and 16 dBm with PAE of 18%

and 27% at 1-dB compression point and saturation respectively.

S7



As a follow up to this study, a third stage can be designed and added to the current
circuit as a power stage. A three stage amplifier consisting of gain, driver and power
stages can offer an absolute solution as a final stage of a transmitter system.
However, three stage amplifier design and high power levels in an integrated circuit
have many challenges with stability, thermal conditions, breakdown voltages and
efficiency.

58



REFERENCES

[1]

[2]

[3]
[4]
[5]
[6]
[7]

8]

[9]

[10]
[11]

[12]

[13]

[14]

[15]

Raab, F. H., Asbeck, P., Cripps, S. C., Kenington, P. B. et al. 2003. RF and
Microwave Power Amplifier and Transmitter Technologies. High
Frequency Electronics, pp 22-36.

Ashburn, P. 2003. SiGe Heterojunction Bipolar Transistors, John Wiley &
Sons Ltd.

ADF7241: Low Power IEEE 802.15.4 Zero-IF 2.4 GHz Transceiver IC.
MAX2410: Low-Cost RF Up/Downconverter with LNA and PA Driver.
MAX9947: AISG Integrated Transceiver.

TLE9221: FlexRay Transceiver.

Cripps, S. C. 2006. RF Power Amplifiers for Wireless Communications,
Artech House.

Solomko, V. A. and Weger, P. 2000. A Fully Integrated 3.3-3.8-GHz Power
Amplifier with Autotransformer Balun, IEEE Transactions on
Microwave Theory and Techniques, Vol. 57, No. 9, pp. 2160-2172.

Smith, R. M., Lees, J., Tasker, P. J., Benedikt, J. and Cripps, S. C. 2012. A
40W Push-Pull Power Amplifier for High Efficiency, Decade
Bandwidth Applications at Microwave Frequencies, IEEE MTT-S
International Microwave Symposium Digest, pp. 1-3.

Cripps, S. C. 2002. Advanced Techniques in RF Power Amplifier Design,
Artech House.

Cressler, J. D. and Niu, G. 2003. Silicon-Germanium Heterojunction Bipolar
Transistors, Artech House.

Racanelli, M. and Kempf, P. 2005. SiGe BiCMOS Technology for RF Circuit
Applications, IEEE Transactions on Electron Devices, Vol. 52, No. 7,
pp. 1259-1270.

Ku, B. H., Baek, S. H. and Hong, S. 2011. A Wideband Transformer-Coupled
CMOS Power Amplifier for X-Band Multifunction Chips, IEEE
Transactions on Microwave Theory and Techniques, Vol. 59, No. 6,
pp. 1599-16009.

Bakalski, W., Vasylyev, A., Simbiirger, W., Thiiringer, R. et al. 2003.
A Fully Integrated 7-18 GHz Power Amplifier with On-Chip Output
Balun in 75 GHz-f SiGe-Bipolar, Proceedings of the
Bipolar/BiCMOS Circuits and Technology Meeting, pp. 61-64.

Meshcheriakov, 1., Solomko, V. A. and Weger, P. 2010. Fully
Monolithically Integrated X-Band Power Amplifier without External
Matching, 2010 Conference on Ph.D. Research in Microelectronics
and Electronics, pp. 1-4.

59



[16] IHP SiGe BICMOS Technology: URL: http://www.ihp-microelectronics.com
[en/services/mpw-prototyping/sigec-bicmos-technologies.html

60



CURRICULUM VITAE

Name Surname: Hasip TERLEMEZ
Place and Date of Birth: Afyon, 10/01/1989
E-Mail: terlemezh@itu.edu.tr

B.Sc.: 2006-2011: Electronics Engineering, Istanbul Technical University

61



