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DESIGN OF EFFICIENT WIDEBAND POWER AMPLIFIERS

SUMMARY

Beyond the communication systems, there are many radar, electronic warfare,
microwave system front/back ends, digital/optical communication equipment, which
need to generate, amplify and process wideband signals. Among all sub-system
blocks, wideband PAs are the most important parts. Both the output power delivered
to the given load (e.g. antenna) and the overall wideband system efficiency are
directly related to the PA performance. The heat generated especially in high power
and high volume amplifiers needs to be removed from the environment and this
process would be expensive when the amplifier occupies high volume by
construction. Thus, high efficient power amplifiers are needed to overcome these
problems.

Nowadays, with the help of sophisticated technologies, the design of wideband PAs
are getting more attention. Some of the technologies including relatively cheap
silicon based SiGe, LDMOS, SiC and I11-V compounds like GaAs and GaN devices
are developed with the help of HBT, (P)HEMT and MESFET process technologies.
Integrated technologies seem to have some drawbacks when designing such
wideband circuitries. The most effective drawback of such IC technologies is the
substrate loss, which most manifests itself when the frequency increases. Silicon
based technologies suffer from these loss effects and unfortunately, they are not
suitable to implement MMIC techniques successively. Moreover, there are many
topological investigations to improve overall performance of wideband PAs in
integrated circuits. One of the most well-known and used design techniques to
implement wideband PAs is the distributed amplification technique, where the use of
inherent parasitic capacitances at the input and output terminals of the transistor
together with the external inductive elements forms artificial transmission lines.

In this thesis, distributed amplification became the starting topology for the proposed
techniques. Initially, the number of devices was reduced to only a single device and
the input artificial transmission line is conserved and modified as lossy. This core
design circuitry was called “single-Stage travelling wave power amplifier”
(SSTWPA). By this way, gain flatness is provided in the entire band. Additionally, a
series-series feedback was applied to given single transistor, which widened the
bandwidth. Moreover, at the output side, load-line match was applied to construct the
output line in which the terminating impedance was removed. Thus, the output
power and the efficiency were improved. In addition to this design, a second PA
circuit was designed as the cascaded version of the proposed core, where the input
driver core feeds two another identical cores in parallel configuration and their
outputs are combined to increase the output power by twofold over the desired
frequency bandwidth. We have called this implementation as CSSTWPA. These two
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designs were realized using 0.35um SiGe HBT technology. Measurement results of
the amplifiers closely agree with simulation results.

From the output matching network point of view, the maximum linear output power
could be obtained from class-A operated transistor by simply applying load-line
matching. Additionally, it is possible to use load-pull techniques as the extended
version of the load-line approach. Load-pulling is more complicated approach than
the load-line and it finds out optimum Z, (jo) impedances for the given device in the
wideband. Process continues with the synthesis of the matching network, which
ensures the maximum power is delivered to predefined load impedance (e.g. 50Q2).
Although there are many well-defined analytical solutions to wideband matching
problem, this is not an easy task at all. Most solutions come up with high-order
networks, which are hard to realize over lossy IC processes and discrete elements.
From these facts, simplified design approaches seem to be essential and useful to
overcome design difficulties and complexity of the circuits.

According to given explanations, in the second phase of the work, a new load-pull
based graphical technique was proposed to design simple networks to fulfil matching
purpose over wideband. 0.25um GaAs PHEMT MMIC technology was selected to
design and implement latter designs. Series-series feedback had been formerly used
in SiGe PA design and this technique was replaced with the capacitively coupled
transistor in GaAs PHEMT, which lowers the input capacitance seen by the artificial
transmission line. The new wideband SSTWPA successfully operated in the 1 to 8
GHz. Continuously, a cascaded version of GaAs SSTWPA was proposed as the new
design strategy, which offers a complete systematic to design both driver and power
stages. This technique was shown to use large signal power definitions in the design
equations. In addition to these GaAs MMIC designs, an ac grounded transmission
line is offered and implemented as the wideband RFC, which helps to minimize the
total output capacitance of the power devices where the bandwidth of the stages are
directly proportional to output capacitance of the transistors.

In the last phase of the work, a systematic technique based on a susceptance
minimizing concept at the output matching is presented. The proposed approach uses
two main sub-blocks which are: a short-circuited transmission-line for susceptance
minimizing and multisection transformer for the remaining matching purpose. The
design procedure is investigated conceptually and simple theoretical analyses are
given to show that how the proposed method could help to simplify wideband design
by means of computer aided optimizations. Moreover, the given approach not only
improves the output power and efficiency performance of the transistor but also takes
care of the biasing network simultaneously over the wide range of the frequencies.

To sum up, this thesis study proposes some design techniques and modifications,
which simplifies both the design procedures and circuit complexities. In this respect,
output power and the efficiency is improved with the help of simple and reduced
number of matching elements, in which both substrate and parasitic loss effects are
compensated.
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GENIS BANTLI VERIMLI GUC KUVVETLENDIRICILERIN TASARIMI

OZET

Temel telsiz haberlesme uygulamalarinin Gtesinde, basta radar ve askeri elektronik
harp sistemleri olmak tizere, sayisal optik haberlesme sistemleri ve mikrodalga
ekipmanlari, genis bant Karakteristikli  darbe isaretlerini  olusturacak,
kuvvetlendirecek ve isleyebilecek alt sistem bloklarina ihtiyag duymaktadir. Genis
bantli gili¢ kuvvetlendiricileri ise bu uygulamalar1 olusturan sistem alt bloklarinin en
Oonemlisidir. Anten gibi ug¢ birimler {lizerinden aktarilmak istenen giiciin miktar
dogrudan gii¢ kuvvetlendiricinin performansiyla iligkilidir. Benzer bi¢cimde, genis
bantli sistemin verimi, gii¢ kuvvetlendiricisinin verimiyle dogrudan iligkilidir.
Dolayisiyla ozellikle yapisal olarak yer kaplayan ve yiksek guclerde calisan
kuvvetlendiricilerde ortaya ¢ikan isinin ortamdan uzaklastirilmasi ve bu sistemlerin
ihtiya¢ duydugu yiiksek besleme giici problemlerinin en aza indirilmesi, genis
bantlarda ve yiliksek verimlerde c¢alisan kuvvetlendiricilerin tasarimiyla miimkiindjir.

GUniimiizde, mikrodalga frekanslarinda, ucuz maliyetli silisyum tabanli SiGe,
LDMOS ve SiC gibi malzemelerin yaninda, yuksek frekans ve yuksek gug¢
ozellikleriyle 6ne ¢ikan GaAs ve GaN gibi 111-V grubu drtnleri, HBT, (P)HEMT ve
MESFET gibi transistor teknolojilerinde yogun olarak kullanilmaktadir.
Tiimlestirmeye uygun Kuvvetlendiriciler igin cikista elde edilebilir giiciin 6zellikle
frekans yiikseldikge azalmasi, kullanilan teknoloji ve taban malzeme 6zellikleriyle
dogrudan orantilidir. S6z gelimi silisyum tabanli bir¢ok teknoloji, sahip oldugu
olumlu ayricaliklarin yaninda yiiksek frekans ve yiiksek gii¢ uygulamalarinda taban
kayiplar1 dolayisiyla, ilgili devre bloklarinin tasariminda birgok zorlugu da
beraberinde getirmektedir.

Devre topolojisi agisindan bakildiginda, literatiirde gii¢ kuvvetlendiricilerini tlimlesik
olarak gerceklestirmek {izere ¢esitli yapilar onerilmistir. Giris ve ¢ikista yapay hatlar
kullanan dagilmis parametreli gii¢ kuvvetlendiricileri de yiksek genis bant basarimi
sebebiyle siklikla tercih edilen temel yapilardan birisidir. Transistor giris ve ¢ikis
kapasitelerinin ayr1 ayr1 yapay iletim hatlarina dahil edilmesiyle, kazanci diizgiin ve
girig-¢ikis i¢in yansima orani diisik olan yapilar genis bir bantta elde
edilebilmektedir. Bununla birlikte, 6zellikle ¢ikis hattindaki sonlandirma empedansi
nedeniyle, transistorlerde iiretilen giiclin yaris1 heba olmaktadir. Hat davranislarinin
genis bantlarda diizglin olmasi, ¢ogunlukla transistor giris ve ¢ikis kapasitelerinin
dogrusal olmasiyla miimkiin olacagindan, bu yapilarda transistorler A-sinifi ¢alisacak
sekilde kutuplanmaktadir. Ayrica yiiksek frekanslara gidildiginde ardigik transistorler
arast gecikmeler onem kazandigindan, giiclerin ayni1 fazda toplanamamasi ve
dolayisiyla da devre verimin énemli oranda azalmasi s6z konusu olmaktadir. Sonug
olarak da, literatiirde Onerilen klasik dagilmis parametreli giic kuvvetlendiricilerin
biiyiik bir kisminda verim %15 nin altinda kalmaktadir.
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Bu tez kapsaminda gerceklestirilen ¢alismalarda ilk olarak, yukarida bahsedilen
klasik dagilmis parametreli giic kuvvvetlendiricisi temel alinmistir. Bu dogrultuda,
Klasik topolojinin genis bant ¢alisma 6zelliklerini koruyan ve verimini iyilestiren
basit yaklagimlar sunulmustur. Klasik yapida, yiiksek hizlarda ortaya ¢ikan ardisik
kazang katlar1 arasindaki gecikmeler, transistorlerin kollektor/savak uglarinda, ¢ikis
yiikiiyle ayn1 fazda olmayan yiikleme etkilerini dogurur. Bunun sonucunda, yapidaki
kimi transistorler, devrede gii¢ saglayan digerlerinden ayri1 olarak direng yiikii gibi
davranarak gug tiketirler. Bu durum klasik yapinin yiiksek frekanslardaki diisiik
veriminin en oOnemli sebebidir. Buradan yola ¢ikarak, klasik yapidaki kazang
katlarin1 teke diisliren ve tek transistor kullanan bir yap1 bahsedilen verim problemi
icin uygun bir ¢oziim olarak gorilmistir. Klasik yapidaki giris hattinin tek
transistorlii halde de korunmasiyla genis bant davranigi devam ettirilebilir. Teke inen
transistor sayistyla birlikte daha az sayida yapay hat eleman1 kullanilmaktadir. Bu
durumun olast bir sakincasi, giris hattt davramisinin  frekansla  diizgiin
degismemesidir. Bundan dolay1 da kazang egrisi dalgalilik gosterir. Bir diger sakinca
da, genis bantli uygulamalar agisindan dnem tasiyan grup gecikmesinin, frekansin bir
fonksiyonu olarak degisiklik gdstermesidir. Bu olumsuzluklara ¢6ziim olarak yapay
hattin eleman sayisini arttirmanin kirmik iizeri alan maliyeti bulunmaktadir. Buna
karsilik, ilgili hattin kayipli olarak gerceklestirilmesinin, kazang egrisinin frekansla
diizgiin degisimine katki sagladigi gosterilmistir. Sonugta , tek transistorll olarak ve
yapay giris hattinin kayipli olarak gergeklestirildigi bu yapi, tezde kullanilan
cekirdek hicreyi olusturmustur.

Bu cekirdek hiicrede ¢ikis hatti tasarlanirken, klasik yapida kullanilan sonlandirma
empedans1 kaldirilmistir. Boylece geriye dogru ilerleyen giiclin kayb1 6nlenmistir.
Cikis yansima katsayisinit kabul edilebilir bir seviyede tutmak ve giiciin 50Q’luk
yiike genis bantlarda uygun aktarimini saglamak igin transistor yiik dogrusunu temel
alan bir yaklasim kullanilmistir. Yine ¢ikista kullanilan hat eleman degerleri de bu
sekilde belirlenmistir. Cikis hatti tasarimimin da eklenmesiyle elde edilen yapiya, tek
transistorlt yariyen dalga gi¢ kuvvetlendiricisi (SSTWPA) adi verilmektedir.
Tasarimin basarimin1 gostermek amaciyla, transistoriin ¢alisma bandini arttiracak
sekilde emetorde direng kullanan geri beslemeli bir yap1 0.35um SiGe HBT
teknolojisinde gergeklestirilmistir. Devrenin gii¢ kazanci bir dekat Uzerinde (0.2-2.2
GHz) diizgiin dagilim gostermistir. Onerilen tek transistorlii devrenin temel hiicre
olarak kullanildig: iki kathi bir hali de ¢ikigtaki kat ayrica paralellenerek yeniden
olusturulmustur. Bu yeni durumdaki devreye, kaskatlanmis tek transistorli ylrlyen
dalga gli¢ kuvvetlendiricisi (CSSTWPA) ad1 verilmistir. Onerilen CSSTWPA devresi
ile hem ¢ikis giiciinlin ve verimin, hem de kazancin arttirilabilecegi gosterilmistir.

Tez caligmasinda ikinci asamada, ¢ikis hattinda kullanilan yiik dogrusu yaklagiminin
daha karmasik ve genisletilmis bir uyarlamasi olan yiik taramasi1 yontemini kullanan
yontemler arastirilmistir. Yiik taramasi yontemi, transistor ¢ikisina baglanan bir
Z,(jo) yiikiiniin, uygun sec¢ilmis degerler kiimesi i¢inde taranarak ¢ikis giiciiniin ve
verimin birlikte gozlenmesi ilkesine dayanir. Bu yontem ile elde edilen yik
empedans1 deger kiimesini, uygun bir yiikke (6rn. 50Q) uyduracak empedans
uydurucunun genis bantlarda tasarimi ise zor bir problemdir. Literattirde sunulan
genis bantli empedans uydurucu tekniklerin biiyilk bolimi analitik ¢6zumlere
dayalidir. Uydurulmak istenen Zgy(jo) empedansinin karmasikligi arttikga analitik
cozimlerin derecesi artmaktadir. Dolayisiyla da onerilen devrelerin karmasikligr ile
beraber kullanilan eleman sayisi da artmaktadir. Bu bakimdan, yiiksek basarimli
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analitik yaklagimlarin yerine kullanilabilecek tiirden, daha basit ve devre basarimi
acisindan kabul edilebilir yontemler bu kisimda arastirilmistir.

Bu dogrultuda, c¢ikis hattinda kullanilabilecek tiirden genis bantli ve basit bir
empedans uydurucu yapi, grafik tabanli bir yontem dogrultusunda onerilmistir. Bir
transistoriin tek bir frekansta verebilecegi en biiyiik giicli aktardig1 yiik empedansinin
degeri tektir. Bununla birlikte, aktarilan gii¢ azaldike¢a, karsilik gelen yiik empedansi
deger kiimesi de biiyiir. Bu gergekten hareketle, dnceden karar verilmis bir gii¢
seviyesi i¢in uygun diisen empedanslarin genis bantlardaki deger kilmesi yeni
Onerilen yaklasimin temelini olusturur. Smith abagi iizerinde bu empedans ¢oéziim
kiimesi icinde kalacak olan her uydurma devresi, amaca uygun ¢6zimui verecektir.
Bu teknigi kullanan gene tek transistorlu bir devre, 0.25um GaAs PHEMT MMIC
teknolojisinde, genis bir bant araliginda (1-8 GHz) g¢alistirilmistir. S6zU gegen
devrede kullanilan genis bantli empedan uydurucu devre uygun ¢oziimler i¢inden
basitlik acisindan tek elemanli olarak secilmistir. Bu devrenin bir adim sonrasinda,
ayni teknolojinin yiiksek kazangli kaskat bir uygulamasi da 6nerilmistir. Bu devrede,
stirlicli ve ¢ikis katinin ayri ayri ve sistematik tasarimi yeni bir yaklasiklikla birlikte
sunulmustur. Buna g0re, kaskat yapidaki siiriici ve ¢ikis kati, ara empedans
tasarimlariyla birlikte, ¢ikis giiclinii ve dolayisiyla verimi yuksek tutacak sekilde
transistor biiyiik isaret davraniglariyla beraber diisliniilerek gerceklestirilmistir.
Boylece kaskat tasarimda, klasik gerilim modlu anlayistan ayri olarak katlar arasi
gegis i¢in gl¢ ve dolayisiyla verimliligi ifade eden terimler tasarim denklemlerinde
kullanilmigtir. Bu yontemi dogrulayan bir tasarim da gergeklestirilerek Uretilen
timdevre basarimi Ol¢ilmistir. Tdm bu c¢alismalara ek olarak, MMIC
teknolojilerinde kullanilmaya uygun ve transistorlerin savak kutuplamalarinda genis
bantli RFC gorevini (stlenebilecek bir iletim hatti ayrica sunularak bahsedilen
tiimdevre yapilarinda kullanilmistir.

Son bolimde ise, 0zellikle gelecekteki arastirmalara yol gosterebilecek sekilde ayrik
giic elemanlarinda uygulanabilir basit bir genis bantli empedans uydurucu yapi
tamtilmistir. Buna gore, segilen yiiksek giliclii bir GaN HEMT c¢ikigindaki kilif
kokenli parazitik kapasiteyi karsilayan basit bir yapi, ¢ikistaki empedans uydurma
problemini gorece diisiik-Q degerli bir uydurma problemine indirgemistir. Verilen
yapinin bir diger faydasi da, ¢ikis hattinda transistoriin kutuplamasinda kullanilacak
RFC ihtiyacin1 ortadan kaldirmasidir. Cikis kat1 tasarimina iliskin yapilan benzetim
sonuglari ile yontemin potansiyel faydalari literatiirdeki 6rnekleriyle birlikte bagarim
karsilagtirmali olarak sunulmustur.

Sonug olarak bu ¢alismada, genis banth gii¢ kuvvetlendirici tasariminda kullanilacak
sekilde; basitlestirilmis topolojik yaklagimlari ve eleman sayisi azaltilmis ¢ikis
katlarini, sistemli ve kolay tasarlayan iyilestirmeler ve yOntemler Onerilmistir. Bu
yontemlerdeki basari, karmasik ve zorlu tasarim siireci gerektiren diger yaklagimlarin
ulastig1 sonuglarla kiyaslanir mertebededir.
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1. INTRODUCTION

The wireless communications market is changing very rapidly. The recent and fast
growth in technology and the successful commercial production line of wireless
communications are significantly affecting our daily lives. Pushed by the customer
requirements, new systems for wireless communications are emerging very fast. In
order to increase flexibility on the market and functionality of radio frequency (RF)
and microwave transceivers, designers are pursuing solutions for cost effective multi-
standard transceivers. The tendency from analog to digital communications, the
increase of third and fourth generation radio systems, and the replacement of wired
type connections with the wireless (e.g. Wi-Fi and Bluetooth) are enabling
consumers to access a wide range of information from anywhere and at any time. As
the consumer demand for higher capacity, faster service, and more secure wireless
connections increases, new enhanced technologies have to be offered in the
overcrowded RF spectrum in which every radio technology allocates a specific part
of the spectrum. For instance, the signals for TVs, radios, cell phones, etc. are carried
on different frequencies to avoid interference with each other. As a result, the
constraints on the availability of the RF spectrum become more and more strict with
the introduction of new radio services. From these perspectives, wideband
technology proposes a promising solution to the RF spectrum by allowing new

services to coincide with current radio systems with minimal or no interference.

Wideband® operations were traditionally accepted as pulse radio, but the Federal
Communications Commission (FCC) and the International Telecommunication
Union Radio communication Sector (ITU-R) have drafted a new ultra-wideband

(UWB) definition. According to this definition, UWB has the properties of having a

! The term Ultra-wideband is also used frequently instead of wideband terminology. A term
“Broadband” is also used instead of wideband. We prefer to use broadband term when the lower limit
of the bandwidth drops to DC (i.e. zero frequency).



fractional bandwidth is greater than 25% or occupies 1.5 GHz or more of spectrum?.
In this definition, the center frequency of the transmission was defined as the average
of the upper and lower —10dB points (FCC 02-48, 2002). FCC’s —10 dB choice of
bandwidth, rather than the —20 dB bandwidth used by Office of the Secretary of
Defense (OSD) and Defense Advanced Research Projects Agency (DARPA) was
because of the UWB devices operate so close to the noise floor that in many cases it

may not be possible to measure the —20 dB bandwidth.

Many applications in the area of solid-state RF microwave electronics need well
organized and defined system blocks performing wideband operation for the given
specific purpose. Operational functionality of such wideband operated blocks mostly
depends on the design of wideband active and passive networks. Active RF front-end
sub-blocks including: low noise amplifiers (LNAS), mixers, voltage-controlled
oscillators (VCOs), power amplifiers (PAs) and etc. have already been studied and
inspected for many decades. Circuit realizations of these RF blocks realized in both
integrated and discrete technologies including silicon (e.g. SiGe, LDMQOS, SiC) and
I11-V compounds semiconductors (e.g. GaAs, GaN) by means of their wide band gap
and high-speed properties. Nowadays, researchers and designers are still trying to
improve performance metrics of such front-ends to obtain better responses in the

desired wideband frequency of operation.

Power amplifiers are often the most critical stage of any wideband RF/microwave
communications systems and consequently the focus of intense research is to achieve
increased linearity and power efficiency. Beyond that, many forms of wideband
power amplification are being developed to meet the needs of the commercial
wireless communication equipment, military industry and the world’s demand for

greater information transmission.

1.1 Scientific Background of Wideband Power Amplifiers: A Historical
Perspective

Power amplifiers are vital enabling sub-blocks for wireless communication systems.

The present and next generation of developments in this technology is expected to

21.5 GHz maximum bandwidth limit would only apply when the center frequency is greater than 6
GHz.



place heavy demand on the PA efficiency and linearity due to the use of more
complex waveforms. In the history of RF, Guglielmo Marconi transmitted the radio
waves over a very long distance for the first time. He had sent Morse code sequences
across the Atlantic Ocean in 1901 using radio transmitters. In fact, it was also the
first version of wideband communication since the Morse codes have pulse like
signal properties. However, the benefit of the wide bandwidth and the capability of
implementing multiuser systems provided by electromagnetic pulses were never

considered at that time.

Wideband communication fundamentally differs from other communication
techniques because it employs very short RF pulses. As shown in Figure 1.1,
utilizing such short duration pulses directly generates a wide bandwidth in the
frequency spectrum and offers several advantages, such as large throughput,
covertness, robustness to jamming and coexistence with current radio services
(Nekoogar, 2006).

In the early days of wireless communication (i.e. from 1895 to the mid 1920s), RF
power was generated by spark, arc, and alternator techniques. In this way, by
charging a capacitor to a high voltage, usually from the batteries and a discharge (i.e.
spark) through the gap could cause resonance between the capacitor and tuning
inductor tied to the antenna. As a result, a radiation of a damped sinusoid occurs over
antenna. Spark-gap transmitters were relatively inexpensive and capable of
generating 500W to 5kW up to many MHz range (Raab et al, 2003). A representative

circuit schematic for Marconi’s transmitter is shown in Figure 1.2.
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Figure 1.1 : Narrowband (top) and wideband (bottom) signal in (a) time domain (b)
corresponding frequency domain.
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Figure 1.2 : A representative circuit of Marconi’s Transmitter (Torzyn, 1984).
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In the first period of radio communication, designers recognized that operating at
higher frequency could enhance system performance dramatically: the amount of
transmitted information scales with the operational bandwidth while the antenna gain
is proportional to the square of the operating frequency (Granatstein et al, 1999).
With the advent of vacuum tubes, which are electronically generating and controlling
RF signals, they allowed the transmission of continuous wave signals and the

operation bandwidths switched to higher frequencies.

In the 1930’s, the amplifier performance degraded sharply with the decreasing
wavelengths which became comparable in size to the tube elements. This occurred
when the electron transit time between the electrodes become longer than the period
of the sinusoidal input signal. Additionally, the inductive reactance of the connecting
wires and the capacitive admittance between electrodes increase with frequency and
tend to “short circuit” the amplifier. It was attempted to overcome these problems by
minimizing both the area of the electrodes and the length of the connecting wires.
Also, special tube structures and concepts were developed to increase power-

frequency product of such devices.

Approximately fifty years after Marconi, modern pulse-based transmission gained
momentum in military applications especially in the design of impulse radars
(Richards et al, 2010).

Discrete solid state RF power devices began to appear at the end of the 1960s with
the introduction of silicon bipolar transistors. GaAs MESFETs were introduced in
the late 1970s. In the early 1980s, there has been a strong push to replace vacuum
tube based devices with their solid-state counterparts. This brought out many
advantages, including: reliability and maintainability, modularity and potential for
future performance (Raab et al, 2003). Tube based PAs require high voltage power

supply, typically require warm-up time and have significant aging related issue.



However, there are many applications, where solid-state devices cannot yet compete
with vacuum tube devices in terms of output power, efficiency, and cost. It is
predicted that solid-state devices will not be able to replace tubes in many radar and

electronic warfare applications that require hundreds of kilowatts of average power.

The increasing number of solid-state technologies attracted the attention of
researchers on the design of wideband PAs since there are a huge number of

applications that need to employ wideband system blocks.

Nowadays, wideband radar applications are gaining more attention in which fine
spatial resolution, extraction of target feature characteristics and low probability of
interception and noninterfering signal waveform are some of the advanced features
of using wideband signal processing. Thus, wideband radar offers possible solutions
to defense requirements such as passive target identification, target imaging and
discrimination and signal covering from electronic warfare equipment and anti-
radiation missiles. Frequency spectrum sharing with other radar and communications
systems is another potential use of wideband systems. Future wideband radar
applications will depend on the ability of a particular wideband system to perform a
given detection or remote sensing function competitively with alternative systems or
to provide some operational advantage, such as a low probability of intercept signal
(Taylor, 2001).

There is a huge number of solid-state power amplifier applications that need to cover
a wide frequency band of operation from dc to several tens of GHz region where
most of the fractional bandwidths are in the range of 25% to 200%. Figure 1.3 shows
a simple chart as an overview of applications for PAs with different device

technologies over IEEE frequency bands.

Since this chart depicts up to date applications of PAs, some of the well-known

wideband PA applications could be summarized as,

e Microwave electronic warfare (EW) applications (Bahl, 2007; Lin et al,
2009; Colantonio et al, 2009; Xie and Pavio, 2007)

e High resolution short range radar and systems (Sewiolo et al, 2009)
e Phase array radars (Krishnamurthy et al, 2000b; Zhongzi et al, 2009)

e Software defined radios (SDRs) (Narendra et al, 2009)
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Applications of PAs with the different device technologies over IEEE frequency bands (Joung, 2013).



¢ Digital optical communication systems (Banyamin and Berwick, 2000b; Xu
etal, 2011)

¢ Instrumentation and measurement equipment (Liang and Aitchison, 1995b)

As an example, a summary of FCC restrictions on UWB operation in the 3.1 to
10.6GHz band are given in Table 1.1 (FCC 02-48, 2002).

Table 1.1 : Summary of FCC restrictions on UWB operation.

Frequency Band for

Application Operation at Part 15 User Restrictions
Limits
3.1-10.6GHz (different
Communications and Measurement emission limits for
. None
Systems (sensors) indoor and outdoor
systems)

3.1-10.6GHz (different
emission limits for
indoor and outdoor
systems)

Vehicular Radar for collision
avoidance, airbag activation, and
suspension system control

None

Law enforcement,
fire and rescue,

Ground Penetrating Radar to see or 3.1-10.6GHz and below AR
research institutions,

detect buried objects 960 MHz e
mining,
construction
Wall Imaging Systems to detect 3.1-10.6GHz and below h?:vairéfﬁggglrjr;ent,
objects contained in walls 960 MHz ’

mining, construction
Through-wall Imaging Systems to

detect location or movement of 1.99-10.6GHz and Law enforcement,
objects located on the other side ofa  below 960 MHz fire and rescue
wall

Medical Systems for imaging inside .
people and animals 3.1-10.6GHz Medical personnel
Law enforcement,
Surve!llance Systems for intrusion 1.99-10 6GHz fire a}nd rescue,
detection public utilities, and

industry

From the design point of view, the most popular wideband PA topologies
implemented in both integrated and discrete technologies are classified into four
groups, which are: reactively matched, lossy matched, feedback, and travelling wave
(also known as distributed) PAs. Although Section 3 will give a detailed explanation
of the basic topologies, a brief summary of the basic topologies will be provided
below. Among all solid-state topologies, travelling wave concept is the most mature
one to implement wideband PA. The principal of distributed amplification was

originally applied to vacuum tube structures (Ginzton et al, 1948). The basic



principle underpinning the travelling wave power amplifier is the use of inherent
parasitic capacitances at the input and output terminals of the transistor together with

the external inductive elements to form artificial transmission-lines.

The cut-off frequency of this class of amplifiers is determined by the cut-off
frequency of the artificial-lines. The resulting structure readily provides broadband

performance, usually above one decade.

Reactively matched wideband PAs are implemented using lossless reactive elements
in the matching network for both at the input and output of the active device.
Resonance characteristics of the reactive elements are the most challenging part of

the wideband-matching network design.

Lossy matched PAs use resistor at the input as the loss elements to improve the
amplifier’s gain flatness and matching performance. Bandwidth of this type of
amplifiers is wider than the reactively matched case; however, it is at the expense of

low gain, low power and low power-added efficiency.

Feedback PAs employ negative feedback from output to input. This would help to
implement flat gain response and improved matching characteristics. Although this
class of amplifier’s circuitry is less complex and its stability is assured in most cases,
power performance and hence the efficiency are degraded due to the resistive

element used in the feedback path.

1.2 Present and Future Requirements

The most difficult part of the wideband PA design is to provide input and output
matching at different frequencies adaptively in order to satisfy different sets of
specifications, high gain and good linearity, which are mutually dependent. Until
now, many approaches to synthesize wideband-matching networks have been
offered. In 1950, Fano showed the theoretical limitations on the broadband matching
of arbitrary impedances. For this aim, his set of integral equations is used to
determine these constraints, while Youla formulated the constraints in terms of
Laurent series expansions (Youla, 1964). Additionally, Carlin proposed an iterative
procedure for this purpose (Carlin, 1977). Networks for matching a complex load to
a complex source are often required. A theoretical approach to solve this class of

problems was presented by Chen and Satyanarayana (1982), and more recently,



Carlin and Yarman (1983) introduced an alternative and simplified theory. They had
also developed iterative techniques for matching a complex load to a complex source
(Yarman and Carlin, 1982).

Despite all the proposed analytical approaches, wideband impedance matching is still
a challenging problem since the active device parasitic elements are nonlinear by
nature and they complicate the impedance data over a wide band. As a result,
matching of such nonlinear behavior increases the degree of the analytical solutions,
which realize high-order networks. However, implementing and realizing such
circuitry are very challenging tasks. The proposed analytical solutions to wideband-
matching problem are not always applicable to every device sizing and biasing
condition. That is to say, optimum impedance complexity changes from one biasing
to another and from one transistor size to another. This is again due to the nonlinear
nature of the device, which is strongly depended on the biasing condition and device

geometry.

When defining the needs of a multi-standard single chip solution, one of the major
problems encountered is the cost of implementation. This is not surprising as the RF
chip integrates the mixed-signal and radio frequency front-end blocks on a single
substrate. Silicon based solution has established a strong foothold in the
communications marketplace by offering a cost competitive solution for large-scale
integration capability and the relatively low cost processes. SiGe HBT technologies
currently address various applications ranging up to hundreds of GHz. At the heart of
this success is the ease of integration of a high performance SiGe HBT with state-of-
the-art CMOS and passive elements. However, one of the drawbacks of this
technology is the silicon substrate loss, which makes the design of wideband PAs
more complicated and inefficient compared to other relatively low-loss substrates
such as I11-V based GaAs, InP and GaN processes (Raghavan et al, 2008). The
tradeoff between cost and performance of BIiCMOS processes like SiGe HBTs
incites researchers to focus on the design circuitry that improves the efficiency of
high power and wide bandwidth PAs (Analui and Hajimiri, 2004).

Employing high-order and complex matching networks increases the total lost power
dissipated in the substrate and discrete element parasitics, in most cases.
Additionally, the matching network area on the chip/substrate gets to be larger,
which in translates to a higher cost.



Apart from the matching problem, PA efficiency is a big concern when operating in
the wideband. For any pulse shaped signal, the corresponding active device (e.g.
transistor) must be ready to deliver the stored energy in a short time and then be
ready for the other interval. From the device basics, it is not possible to implement
such an operation by switching on and off the device for a short time periods. Thus,
wideband operated devices must be ready for all the time to conduct (or supply)
sufficient current to charge (or discharge) the output load. Due to this fact, the
corresponding classes of operation suitable for wideband operation are class-A/AB in
most cases. However, this makes the efficiency issues a challenging and hard task
especially when the mobility is concerned. Moreover, device nonlinearities are the
least when the operation class is A/AB. This is also significant when designing
wideband-matching circuitry where the input and output of the device parasitics are

involved in the matching networks and significantly depend on the class of operation.

There is a trend for wideband power amplifiers for pulse shaped signaling
applications in electronic warfare (EW) such as phase array radars and future radar
systems with multi-band functionality, e.g. combining the C and X-band (Kinghorn,
2008). Other applications for high power wideband amplifiers, which include: secure
communication systems with spread spectrum techniques, software defined radios
and next generation mobile systems are inside the scope of the efficient wideband PA
design, where the mobility and thus the higher efficiency is a must for most future

applications.

1.3 Motivation and Goals of This Work

The proposed thesis study is motivated by the previously explained requirements.
Relaxation of both the output-matching network and PA design complexity are
desired to be examined. In addition to this, improving the PA efficiency in the

wideband is another motivation for the study.

Consequently, simple and efficient techniques to implement wideband-matching
networks are vital for designers. By this way, the circuit complexity could be reduced
which is important especially when designing with ICs, where the cost is directly

related to the chip area occupied.

10



From the designer point of view, simple and straightforward design methodologies
are preferable since the design time is also another important factor. Compact and
repeatable design procedures are needed to obtain wideband PAs in different device

technologies.

Since high-order networks are complicated to realize and if the required bandwidth is
very wide (i.e. above one decade), these matching networks require much more
elements to implement and thus, controlling the parasitic of the elements are too

complicated when designing with discrete components.
Finally, we could list the goals of the study as:

e Simple and relaxed output network designs without disturbing the overall PA

performance significantly in the wideband.
e Simplified and less complicated wideband PA topologies.
e Improved efficiency in the wideband.

Behind these basic goals, of course, there are additional and detailed objectives,
which are provided in the corresponding chapter sections.

1.4 Thesis Organization

After the introduction, some of the basics and metrics of the PA will be introduced in
Section 2. This section will also include the fundamental limitations on wideband PA
design.

In the first phase of Section 3, a brief comparison on various solid-state device
technologies including both silicon and 111-V compound devices will be presented,
which are frequently used in the design of wideband PA. In the second phase of
Section 3, a review of the conventional design topologies for the discrete, hybrid and
monolithic design of wideband PAs will be given with the examples of previously

proposed PAs.

Section 4 will cover the basic designs of the thesis. In the load-line based design
section, an SSTWPA circuit will be introduced in 0.35um SiGe HBT technology.
Afterwards, an extended version of the SSTWPA, namely CSSTWPA will be
presented to show that output power could be doubled without sacrificing the
bandwidth. Additionally, load-pull based designs for single transistor and cascaded

11



TWPAs will be proposed in 0.25um GaAs PHEMT MMIC technology. Finally, a
systematic design procedure to design cascaded TWPA will be proposed in details.
All simulation and measurement results will be given together to verify the

performance of the proposed structures.

Further improvements on the design of efficient wideband PAs will be presented in
Section 5. This chapter will introduce the design of a discrete wideband GaN PA
based on a systematic susceptance minimizing technique. Simulation results will

show the effectiveness of the design over analytical solutions.

Section 6 will conclude the thesis study with related possible future works.
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2. SPECIFICATIONS OF POWER AMPLIFIERS

2.1 Basic Characteristics

In this chapter, some of the basics and metrics of the PA will be introduced briefly.
Although there are many characterizing parameters for many different types of PA
operations (e.g. linear, nonlinear), we will focus on some of the definitions
frequently used in the designing and characterizing wideband PAs. Figure 2.1 is a
block representation of any PA and given to indicate common notations used in the

definitions.

Zin 1Fin Zout yrout
Figure 2.1 : Basic PA representation.

2.1.1 Output power

Simply, the output power, Pqy, is the power delivered to the given load impedance,
Z,. For the PA representation in Figure 2.1, the maximum available power could be
obtained from the source, if the input impedance of the device Zj,, equals the

complex conjugate of the source impedance (Cripps, 2006).

Z. =7 (2.1)

Similarly, after the amplification process, maximum power could be delivered to
load impedance Z,, if the output impedance of the PA is equal to the complex

conjugate of the load impedance Z, .

13



Zoi =2, (2.2)

In the most practical cases, active PA input/output impedances are not matched to
source/load impedance level and it is a common need to use impedance matching
networks between the unmatched impedance levels. In the phasor domain, the exact

value of the power delivered to the load Z,, can be written as

P, =§Re{wz} 2.3)

In the ideal case, according to equation (2.3), any PA can deliver any power to the
load since it can supply any current to the given load impedance with the related
voltage across its output terminals. However, in the real case, due to the both the
nonlinear i-v characteristics of the device and the voltage/current limitations of the
device operation, the output power is limited to a value where the linear
approximations and direct sinusoid approaches do not make sense anymore. At this
point, some of the metrics to evaluate power delivered to the load need to be

determined.

The output power of an amplifier typically exhibits a linear correspondence to the Pj,
as it increases from a low level. As illustrated in Figure 2.2, if Pj, successively rises,
at a certain point of Pj,, the output power no longer corresponds linearly to the input

power.

The input referred 1dB compression point specifies the output power of PA at which
the output signal lags behind the nominal output signal by 1dB. The common

notation for this power level is Pg 14z.

Pout 4 Gain
dBm ideal Puu,lnj?/ ’,"ii'dB line dB
Psat
F)o,ldB
Gain=2"ou
n ldB
Gain - 1dB

Pin y dBm
Figure 2.2 : Definition of Py 145 and Pg.
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For further increases in Pj,, there is an increasing Po, deviation, and after some Pj,
value, Py starts to compress and this maximum power is called saturated output
power, Ps:. A more detailed investigation about the gain compression will be

introduced later in the nonlinearity section.

2.1.2 Power gain

Power gain or namely “operating power gain”, Gp, is the ratio of the output power,
Pout to the input power, Pi,. In this definition, Z;, and Z,,: of the PA are assumed not
to match the Zs and Z, impedances, respectively. Available gain, G,y, is another
definition where both Z;, and Z,, conjugately match the Zs and Z, impedances,
respectively. In this case, we can call P;, and Py, as the maximum available input and
output powers, Pinav and Poytay respectively. Moreover, if the conjugate matching
condition exists only between Zs and Zj, of PA and additionally, if no matching is
assumed between Z,,;;: and Z,, then the gain is called as “transducer power gain”, Gr.
In terms of the terminal impedances, I' reflections and small-signal s-parameters,

gain definitions could be summarized as below:

P 1 . 1-,f
G. = out _ S (24)
" P, 1—|rm|2| 2 L-s,,T, [
P 1-|r.f 1-Ir, [
v OUI’aV: | S|2|821|2 | L| 2 (25)
Poaw  1=|T,| 1-5,,T |
1-r.) 1-|r, |
= I:)out — | 5| 2|821|2 | |-| - (26)
P |1_Fsrin| |1_822F|_|

2.1.3 Efficiency

In most cases, there are two efficiency definitions, which are used often in power

amplifier characterization. Drain (or collector) Efficiency, DE, is determined as,

DE =n= Pout — Pout (27)
DC VDCIDC
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where Poy is the total-overall output power and Ppc is the total-average dc power
supplied from the dc biasing sources. Drain efficiency is independent of the power
gain of the amplifier.

Another efficiency definition, power added efficiency (PAE), takes also Pj, into
account to show the influence of power gain on the overall efficiency. If the gain, G
is low, PAE would be low even if the drain efficiency is high. PAE can be defined

as,

PAE :M:n@_lj (2.8)
Poc G

The PAE definition is useful for constant amplitude signals. However, depending on
the application, there are many other definitions to represent the efficiency of a given
PA. For applications with complex modulation schemes (i.e. the information is
carried both with amplitude and with phase of the signal), the efficiency is highest at
the peak output power (at peak amplitude) and decreases as output/input power
(amplitude) decreases as illustrated in Figure 2.3. In these applications, when
amplifying a digitally modulated signal, most of the PAs operate far below the peak
output power with high peak to average ratio. For this reason, the average efficiency

definition makes sense in these kinds of applications (Shrestha, 2010).

Efficient conversion from dc to high frequency signal leads to low power dissipation
in the devices and low heating of the amplifier. In this case, the cooling systems of
the PA can be simplified which means smaller size and cost-efficient design.

Probability, %

| | | | |
0 5 10 15 20 25

Pout » dBm

Figure 2.3 : Typical output power probability distribution for IEEE 802.11g signals
(Wang et al., 2004).
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2.1.4 Bandwidth

The bandwidth represents the amount or width of the frequencies that the
corresponding system is able to amplify or reject the signal power. For band-pass
systems, bandwidth is defined as the difference of the highest, fuigh and lowest, fiow

frequencies at which the magnitude of the power/voltage transfer function (i.e. Gain)

drops by 1/~/2 or3dB.

BW = f, — f (2.9)

low

This bandwidth is often called the —3dB bandwidth. Although the most frequently
used and known definition of the bandwidth is based on —3dB reference, any chosen
dB drop with respect to reference value is possible to determine system bandwidth
for the given application, which is shown in Figure 2.4.

A fractional definition of bandwidth, namely fractional bandwidth, FBW is also used

to determine bandwidth of a given system.

fhigh —f

FBW = low (2.10)

0

where fy is the center frequency of the given bandwidth and equal to

¢ Toign & fou (2.11)
° 2

According to (2.10), FBW can have value between 0 and 2. It is very common to

represent FBW in percentage where the boundary values become 0% to 200%.

Gain Afras
A

Gae \l, -n dB

Frequency

>

fiow f'o fhigh
Figure 2.4 : Definition of —n dB bandwidth for typical amplifier.
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From the bandwidth point of view, PAs could be classified into two categories
namely, wideband and narrowband depending on the bandwidth over which they can
provide constant output power. As it was mentioned before in the introduction, >25%

of bandwidth is accepted to be wideband according to FCC regularities.

2.1.5 Nonlinearity

Nonlinearity is a circuit behavior, particularly in power amplifiers, in which the
output signal does not vary in direct proportion to the input signal. A typical power
amplifier is a nonlinear block, as it has to handle large input and output signals with
reasonable power efficiency. For a memoryless, time-invariant and weakly nonlinear
system, output voltage, Vou(t) can be approximated using a power series expansion

as,

Vout (t) =aV, (t) + azvii (t) + aSVi?;l (t) e (2.12)

where vi,(t) is the input signal. By taking a sinusoidal input viy(t)=Acosmt, we can

rearrange Vou(t) as,

v, (t) = 8, Acos ot +a,A” cos” ot + a, A’ cos® ot + -+
2 agA
4

3
=a,Acoswt + aZ:‘ (1+cos2mt)+

(3cos cot+cos3a)t)+--- (2.13)

2 3 2 3
:aZ;‘ +[a1A+3aZA }coswt+%c052a)t+a3f cos3wt +- -

In the final equation (2.13), the first term is the frequency independent dc term and
cosot is the fundamental term where a; is the linear gain term. Remaining cos(nwt)
terms are the harmonics of the system. In this final equation, some of the important

nonlinear effects could be observed:

1. Even order harmonics result from az, (n=1,2,3,...) and vanish, if the system has

odd symmetry. (i.e. fully differential circuits.)

2. Under small-signal assumption: Since the small-signal assumption is a linear
approximation, only the first term of equation (2.12) exists and the harmonics do not

exist. Small-signal gain is then equal to a;.
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3. Gain Compression under large-signal excitation: When the applied viy(t) is large in
amplitude, nonlinearity becomes evident. Large-signal gain, G s is then equal to,

3
Gis = a A+ 220 (2.14)

and large-signal gain is dependent on the signal amplitude, A. When a3<0 and A
increases, Vou(t) is a compressive or saturating function of the input. With the given
explanation, now we can determine the 1dB compression gain, Gigg, and the signal

amplitude, Aqg at that compression point equal to;

Gy = 20log |a,|—1dB = 20log (2.15)

32, A%
8+

A = [0.1452% (2.16)

Nonlinearity in the RF power amplifier creates two main spectral products: inter-
modulation distortion (IMD) and harmonics. Harmonic distortion, however, in many
cases can be removed easily by filtering. The consequence of a filter is that the
resulting system becomes narrowband. IMD results from mixing of two or more
signals of different frequencies due to the higher order odd terms, which appear in
the expansion of (2.12). In most cases, the cubic term is the dominant one and causes
the IMD products. The spurious output occurs at the sum and/or difference of integer
multiples of the input frequencies. By assuming an input signal of

Vin(t)=Azcosmit+Azcosmat, we can rearrange Vou(t) in (2.12) as,

Voo () =3, (A cOsajt + A, cosw,t) +a, (A cos et + A, COS a)zt)2

5 (2.17)
+a,( A cosmt+ A, cosat) +--
and using the trigonometric identity,
COS COS 3 = %(cos(a + 3)+cos(a — f3)) (2.18)
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It is concluded that the second-order expansion can be written as,

2 2
a,( A cosot + A cosayt)’ = W+
2;2 cos2mt+

(2.19)
2A2

CoS 2w,t +
# [cos(, + @, )t +cos(@, — w,)t]
and the third-order one is,

3 2
a,(A cosat+ A, cosmpt) = (%3TA1+ %)cos wt +

(?@AS L 3AA,
4 2

A
4

J cos w,t +

cos3ajt + (2.20)

ah
2

cos 3w,t +

3 2
#[cos(&o2 + @)t +c0s(2w, — o)t

Similar to the second-order term, the third-order term also produces spurious terms in
the output, which do not exist in the input. The difference mixing terms appearing in
the output signal are spectrally close to the original signals, making them difficult to
remove by using filters. They possibly fall within the pass band of the system and

cause interference.

The intersection of the second and third-order lines with the line produced by the
linear (i.e. first-order) term are known as the intercept points (IP). The second-order
intercept point is called IP2 and the third-order intercept point is called IP3. The
intercept points are further defined with respect to the input amplitude or the output
amplitude where the intersections occur. For example, the input IP3 is represented as

I1P3, whereas the output IP3 is represented as OIP3.
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2.2 Transistor Figures of Merit

BJT and FET representations and simplified small-signal equivalent circuits are
given together in Figure 2.5. The short-current gain, which is equal to the ratio of
output and input current, can be examined using the small-signal implementation of
FET as in Figure 2.6, where the effect of Cyq capacitance is small and neglected in
the most simplified cases. As the output is short-circuited whereas the input is driven
by ac current source, the short-current gain equal to the hybrid parameter of hy; can

be found as,

LT
0, jerfcy

1

(2.21)
f

_ T,FET

_jf

where the transient frequency, frrer appears to be the unity current gain cut-off

frequency and equal to,

IR

g
f e 2.22
TP 27(Cy +Cy) 222

A similar analysis also yields that with using BJT equivalent, the transient frequency
for BJT could be equal to,

o 9 Fi C OmVgs

o—AM—

G gsJ_+ Vgs %rds J_ Cus
s JE

sd

@ (b)

b T Cb goe ¢

C oW\ —| .
; K 1
pr % Cpe=—"be ¢ %ree C
i e b —l—_ —l— ce

ed

© (d)

Figure 2.5 : (a) FET symbol and (b) simplified small-signal ac equivalent model.
(c) BJT symbol and (d) Simplified small-signal ac equivalent model.
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Figure 2.6 : Small-signal configuration to examine FET short-current gain.

g
f —=m 2.23
T 27(Cye +Cyp) @29

1N

From the transient frequency definitions, a transistor is said to operate up to fr
frequency, if current amplification is needed. However, when talking about the PA, a
power gain is more suitable to figure out the transistor performance over the current
gain definition. That is, a definition for the frequency, which indicates the unity
power gain cut-off frequency, fna, is essential to be determined®. For this purpose,
power transfer networks (i.e. lossless matching networks) are needed to guarantee
that maximum power is delivered both to the input of the active transistor and to the

load, at the output of the given transistor.

In the case where both input and output are exactly matched, the maximum available
power gain, MAG, and resulting fyax of the FET could be defined as below by using

the circuit representation in Figure 2.7.

. 2 2
MAG = P _ Re{VLI&} ~ gmrzds —= [f—— (2.24)
PS’aV Re{V;l.} 16z°f Cgsl‘i f
f ~ fT,FET (2.25)
FET = T — :
- 2 I"i/rds
i Zs T OmVgs IL
v + Lossless oy |+ Lossless +
S Matching | C Vgs Fgs| Matching | Z, | | VL
= Network gs—l__ Network ) _

Figure 2.7 : Small-signal circuit equivalent to calculate power gain and fy.x of the
given FET transistor.

% fax IS also known as the maximum oscillation frequency.
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A similar analysis is also possible for BJT devices which gives frax git a8,

¢ s | e (2.26)

max,BJT
87z1,C,,

2.2.1 Maximum power transfer

A very well-known theory, maximum power transfer, states that one can obtain
maximum external power from a source with a finite internal resistance, if and only
if the load resistance is equal to the resistance of that source. It is very simple to
extend the theory to ac circuits, which include reactance terms and then maximum
power transfer occurs when the load impedance is equal to the complex conjugate of

the source impedance.

Figure 2.8 : Circuit to derive maximum power theorem.

To derive the theorem by using the simplified circuit representation of Figure 2.8,

both source and load impedances could be chosen as complex ones as
Z, =R, + JX; (2.273)

Z, =R + X, (2.27b)

By taking phasor magnitude voltage [Vs|, resulting phasor magnitude current |I.| can
be written as,

||L|=& (2.28)
1Zs+2,|

The average power P dissipated in the load is the square of the current multiplied by

the resistive part R of the load impedance as,
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P=12R

rms

1
:_|IL|2 R
2

2
1 Vs R,
2 (Ra +R)*+ (X + X )

(2.29)

where Rs and Xs are the real and imaginary parts of Zs, similarly R and X is the

real and imaginary part of Z, .

Since Vs, Rs and Xs are fixed, we should determine the R and X, which makes the
denominator minimum in order to determine the maximum value of P,. It is easy to
show that the denominator is minimized so that the P, is maximized by taking,

X, =—Xq (2.30)

L

Then the power delivered to the load will be reduced to a value of,

2
p_1 MR (2.31)
“ 2(Ry+R,)?
S L

There we need one more relation between the Rs and R to maximize P.. That is,

R =R (2.32)

L S

The conditions given in (2.30) and (2.32) constitute the load condition for a given
source impedance to achieve maximum power transform. Equation (2.30) and (2.32)
can be written in a complex conjugate form to determine generalized maximum

power transform condition as,

-z (2.33)

Conjugate matching is sometimes referred to as the gain match in the design of RF
and microwave amplifiers when the output power is not the dominant outcome.
Many gain relations are derived and based on the conjugate match condition between

the inner stage blocks.
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2.2.2 Load-line of the transistor

Power transferring by using conjugately matched source and load impedances are not
practical especially when the source is implemented by using active devices such as
transistors. This situation can be illustrated with a simplified circuit in Figure 2.9
where the current generator can be thought as the output of the transistor with the

output resistance as Rs loaded with load impedance Ry.

In the active devices, there exist physical limitations on both the current and
voltages. These are shown in the graph of the illustrated circuit of Figure 2.10 where
Vmax 1S the maximum voltage (i.e. breakdown voltage) of an active device at its
output port. Imax IS the maximum output current which can be generated at the output.

O
2 9,

. +
Isource Rs Vout RL

Figure 2.9 : Circuit model to represent conjugate and load-line matching.

For a given transistor, conjugate match could need a value of R =R and this load
may possibly saturate either output voltage or current of the transistor. As a result,
the transistor will be limited by its available output power capability, which is simply

equal to Ppmax.

Conjugate

Vout A matching

Vmax

Load-line

R.=Rs " i matching

RL:Vmax/Imax

ISOUI’CB

5
7

Imax

Figure 2.10 : Graphical representation for conjugate and load-line matching.

A simple numeric example can make the problem clearer. Let us say a transistor
whose small signal model is shown in Figure 2.11a has Ima=1A and V=16V and
small-signal output resistance, Roy of 200Q. According to the conjugate match
theorem, one should use a 200Q load resistance to transfer maximum power

according to conjugate matching. The voltage appearing across the output terminal
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should be measured as 100V if 200Q2 load resistance is used. However, according to
given specifications, maximum output voltage across the output terminal cannot be
higher than 16V. That is, the transistor will be limited by its output voltage to 16V
and the corresponding output current in this condition will be less than its Imax value.

As a result, the power output will be less than Py that the transistor can supply.

It is now easy to observe that there exists a load condition where the transistor (or in
general — active device) can deliver maximum power. The load condition to obtain
Pmax can be determined from the simplified output i-v curves for a given transistor as

illustrated in Figure 2.11b and the corresponding load is then,
R = Vmar (2.34)

which is named “optimum-load” for a given transistor and the corresponding

matching method is called “load-line match” or “power match”.

g d
+ +
i
Ves Fas  Vps
= o
S
(a)

IDs

Imax

Optimum
load-line

Conjugate
match

increasing Vgs

~N

Vps
N
7

anee (<<Vmax) Vmax

(b)

Figure 2.11 : (a) Simplified transistor model and (b) related i-v characteristic.

Rout is assumed to be such that Rou>>Rop. I this is not valid for the transistor then

Rout should be taken into account as,



R..I
R, [/, =—2% _ Ve (2.35)

ot R+, |

opt max

In Figure 2.12, an example of class-A amplifier compression characteristic is given
to investigate both conjugately-matched and load-line match conditions at the output.
As can be seen in the graph, the maximum linear power, which is referred to as 1 dB
compression, has a higher value when there exists load-line match. In a typical
application, the conjugate match would yield a 1 dB compression power significantly
lower than that of a power match condition where the power loss is around 0.5-4 dB
according to RF power transistor manufacturers (Cripps, 2006).

Because that the power transistors are often the most expensive individual part of an
RF system block, this kind of wasted power will be translated directly into a

unnecessary cost.

4
m
13, PldB
o . P
Conjuge 1B
match Power
match
Pin , dBm

Figure 2.12 : Typical compression characteristics of a conjugately and load-line
matched transistor.

2.2.3 Load-Pull analysis of the transistor

Cripps (1983) has shown that the basic and elementary load-line principles could be
extended to predict load-line contours at microwave frequencies for a device, which
is operating in linear region. The concept of the load-pull is to provide information

for the load reflection coefficient as a function of output power.

Basic analysis shows that a device (i.e. transistor) can deliver a maximum available
power to a single impedance load when in the linear operation and for a given
frequency, this impedance value could be shown as a single point on the Smith chart.
By decreasing the output power level, one can have some kind of load impedance

points forming contours, which indicate the exact output power level.
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Figure 2.13 : An illustrative comparison of the experimental and theoretical load
behavior for the optimum load inspection.

In Figure 2.13, an example load-pull analysis in comparison to experimental
measurement, is illustrated together. As shown in the figure, simplified load-pull
model is simply suitable to predict real measurements for a given device under test
(DUT). Today, there are many nonlinear transistor models suitable to predict device
characteristics when the device is operating under nonlinear regimes. There are also
computer aided design (CAD) tools, which can quickly investigate the optimum load
conditions for a given nonlinear model. It is also important to make load-pull
measurements for being sure about the overall real behavior of the DUT. Starting
point for the load-pull analysis includes a simple class-A common source circuit
representation given in Figure 2.14a. The FET transistor here represents a highly
nonlinear device with zero output conductance. i-v characteristics of the device given

in Figure 2.14b determine the load-line of the device.

Ips Optimum load-line

1 (' Ru=Ropt and PL=Poy;

Imax

Sa
RFC I Q %

. Inc 8

Ip , g

s [ | AN
— 0 I \\ Vbs
RL:Ropt Vinee =0 Voc Vinax
(a) (b)

Figure 2.14 : (a) Class-A operating common source PA and (b) idealized transistor
behavior to inspect optimum load.
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The transconductance of the transistor is assumed to be linear in lmax, Vmax
boundaries. This will make our linear operating assumptions valid only in the given
operating range. Except for these limitations; we will assume that the device

operation is fully nonlinear.

According to the characteristics in Figure 2.14b, the current swing will be equal to its
maximum linear range, which is zero to Ima. In this case, a sinusoidal waveform will
have an amplitude of I,,/2 and the voltage swing will be equal to 2Vpc. Using these
voltage and current descriptions, the optimum load definition given in (2.34) could

be written as,

Voo _Voc (2.36)

oot =T~ =
P Imax/2 IDC

In this optimum load condition, the device can deliver an RF power, which is equal
to,

1 V2 1
P.==Voclpe ==—2-==12.R, (2.37)
pt 2 DC "DC 2R0pt 2 DC" ‘opt
Since the dc power consumption is equal to,
Poc =Vocloe (2.38)

it is easy to show that theoretical class-A drain efficiency is simply equal to 50%.

According to Cripps (2006), load-line theory can be extended to get load-pull
contours by using a simple approach. For this aim, a power level of Pyy/p is to be
investigated where p is a scaling constant. By using the Pgy equation in (2.37), one
can show that there are two possible solutions of Roy, that make the output power
level Popi/p, which are low and high values of the optimum load, Ropt,. and Rptn,

respectively.

Ryt =R/ P (2.39)

opt,L
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(2.40)

R...=PR

opt,H opt

When the optimum load is equal to R, the transistor can swing over the full
current range of Inax but the corresponding voltage swing is only Vpc/p which

corresponds to an RF output power of Poy/p.

Moreover, in the case of Ropn, the drive level at the input has to be reduced to
diminish the current swing and keep the voltage swing at the maximum linear peak
value of 2Vpc. It is clear that the current amplitude has to be reduced by the ratio of
p to deliver a power level of Pyx/p. The two load situations are shown in Figure 2.15
and Figure 2.16 by means of the load-lines superimposed on the transistor output ips-
Vps Characteristic. In addition to this, Figure 2.17 shows the Smith chart

representation of the loads.

Optimum load-line
RL=Rop and PL=Pgy o )
Voltage limited load-line
A RL=Ropi/p and P =Py /2

4

Y R~
\..\\

N

N\ Q

Ips

increasing Vgs

|
Ioc I
|
|
l

N v
. \ NG

V
Vg — 2% Vbe Voe +V£ Vinax
p p

Figure 2.15 : Voltage limiting mechanism over the transistor output characteristic.

i Optimum load-line Current limited load-line
DS o Ri=Rpyand Pi=Poy Ru=PRopt and P =Py /2

i\

/
\\Q/

N
N
_toc ] N
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>

VDC Vmax

increasing Vgs

Figure 2.16 : Current limiting mechanism over the transistor output characteristic.
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Figure 2.17 : The resistive loads to investigate Py and Popi/p.

Now we can think about a load impedance Z_ consisting of R_ in series with a

reactance Xs and can calculate the power delivered to the load as shown in Figure

2.18a.

By taking R .=Rqu/p and the calculating the corresponding p., we can conclude that

Z is equal to,

Ropt -
Z =—2+jX,=|Z|£6
p
By taking the phasor quantities,

I =[1,|]£0° and V, =1 |z| 26

Then by taking the time domain instantaneous power p(t),

. Z|12 Z|132
p.(t) =i (v ()= | |2D° cos @ + | |2DC cos(2t + 9)
where cosf is equal to,
R
cosf = —=%
pl2|

(2.41)

(2.42)

(2.43)

(2.44)

and the average power delivered to the load will be equal to the constant term in the

equation (2.43),
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(R /P)

1 1
P :E|Z|Ié° cosH:§|Z| 12, Z]

_1 |2 ROPt _1
_2 DC p _2 opt

The result given in (2.45) is very interesting that although the load impedance is now

(2.45)

Z, by adding a series reactance X, the power delivered to the load is still equal to
Popt/p Which is the same power with the pure resistive load R =Rqu/p. Now the
question of what the limit values for the reactance X that do not alter the delivered

power Pqp/p are arises.

Intuitively, we cannot increase X value as much as we desire. Because of the active
device i-v limitations, above some values of |X,|, voltage across the drain-source
terminals will be limited by Vmax. At the limiting point, it can be written that the v (t)

voltage will reach the maximum available swing range and it is,

Voe =Z|1oc (2.46)
R 2
R,y [Tj X2 (2.47)

and the limits for the reactance X can be written as,

Xn=Ryy1-1/p° where —X, <X <+X, (2.48)
VCC
RFC Cs .
in —1H +
Vin -\|/-D5 jBﬂGIiXOUt
= YL:GL+JBp
(a) (b)

Figure 2.18 : PAs loaded with (a) Z =R +jXs and (b) Y =G_+]B, loads.
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Figure 2.19 : Construction of the load-pull contours for the given load conditions.
(a) Arc segment of given Z,, (b) Arc segment of given Y, (c) Non-
circular power contour for the output power of Pon/p. (d) Power
contours stepped to outer in a decreasing power manner.

According to result given in (2.48), an arc segment of a constant power on the Smith
chart can be drawn for the added series reactance X; given in Figure 2.19a.

A similar approach can be applied to a situation where the load admittance Y now
consists of the load conductance with a shunt susceptance is added. This situation is
shown in Figure 2.18b. Similar expressions can be derived for the new situation and

finally limit values for the additive susceptance can be written as,

B, =Gy /1-1/p> where —B, <B, <+B, (2.49)

Again, in Figure 2.19b, arc segment of a constant power on the Smith chart can be

drawn and the final superimposed load-pulled power non-circular contour would be
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constructed as shown in Figure 2.19c. Similar analyses are possible to show how the
load-pull contours look like when the output power is stepped down as indicated in
Figure 2.19d.

2.2.4 Common source amplifier

In the transistor circuit topology, when the input and output terminals share the
“source” or “emitter” of the amplifying transistor, we call the configuration as the
common source (CS) amplifier. Figure 2.20a shows a typical simplified circuit

implementation for common source amplifier.

Figure 2.20 : (a)Typical CS amplifier for microwave frequencies. (b) Small-signal
equivalent.

For the CS amplifier, the forward transmission coefficient (s;1 cs) of the CS amplifier

can be written as,

Socs = -G m Zo (2-50)

and resulting mid-frequencies transducer power gain, Gt csis could be given in terms

of the transistor parameters as,

2 2
2 (V. -V Vo
Gr s :‘SZl,CS‘ :( brv knee} E[\;”J (2.51)

p p

where Vi, Vinee and V, is the drain-source breakdown, drain-source saturation and

pinch-off (threshold) voltage of the given FET device, respectively. Typical
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frequency response of the CS amplifier is shown in Figure 2.21. 3dB cutoff

frequency can easily be determined as

1
f =
MBS 2m(Z, )2+ [)Cy

(2.52)

Since only the input is terminated with the line characteristic impedance, Z,, and the
output of the transistor has only load-line match without Z, termination, gain-

bandwidth product of the CS amplifier is shown to be limited to 2fr.

Cus = Cn _ 2f; (2.53)
w(Z,+2r)C, 7C,

S21,CS deB ,CS ‘

The problem of missing Z, termination at the output results in degraded output
reflection (sy;) performance at the output port. By adding that missing Z, impedance,

as a tradeoff, both the gain and gain-bandwidth product will be halved.

AGain

—>fad.cs

Frequenc’y
Figure 2.21 : Typical Gain vs. Frequency characteristic of a CS amplifier.

Besides these small-signal based definitions, it is also useful to determine large-
signal power gain, G sgc on which we have to focus more. Figure 2.22 shows a
representation of a simplified large-signal model for load-line matched CS amplifier.

Model notations are capitalized to represent large-signal behavior.

We assume that rps>>G, s of the CS amplifier and resulting large-signal power gain

cutoff frequency can be determined as below, respectively.

Zs=Z, Fi GmVes

+ Lossless + vV
Vs Matching | C ]—VGS os R —max

GS L,opt ~ I
- Network | _ max

Figure 2.22 : Definition of large-signal power gain.
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2
GLSG — IDL ~ {VmaxJ Gm :( fLSG j (254)

’R
flse = ;Opt - (2.55)

Single-stage transistor amplifiers are inadequate for meeting most design

2.2.5 Cascaded amplifiers

requirements for PAs (e.g. gain, PAE, linearity). Therefore, it is a common method to
use more than one amplifying stage in the PA design.

Figure 2.23 represents a cascaded (or multi-stage) amplifier block to examine stage-
by-stage gain and cutoff frequency performance. As given in Table 2.1, at the first
stage, both input and output are matched. In second stage, only the input is matched,
and at the third stage, both input and output are unmatched.

Additionally, first stage gain is equal to half of the second and third stages. This is
because of the Z, termination, which halves the output impedance. Direct termination
of the Z, load impedance at the second and third stages improves the gain

performance.

Moreover, at the input, since the termination impedance Z is used to improve s;1, the
gain-bandwidth product is to be halved, which is equal to fr. It is interesting that, the
gain-bandwidth product improvement in the multi-stage cells can only be obtained
once since both input and output are required to be terminated by Z, impedances to

minimize reflections.

As it was mentioned before in the efficiency section that, the amplifier gain directly
affects the PAE performance of the amplifier as in equation (2.8). When the gain is
very high, the second term in the parentheses becomes negligible and the PAE is the
same as the drain/collector efficiency. The main source of PA efficiency, the output
stage, is by far the largest consumer of current and has the highest output power in
the cascaded chain of amplifiers. It also generates most of the linearity problems,
since it must operate as close as possible to compression point to achieve the

required efficiency.
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1% Stage 2" Stage 3" Stage

Figure 2.23 : A block representation for the cascaded-gain cells.

Therefore, in the cascaded amplifier stages, previous stages are backed off as much
as possible from saturation to minimize their role in the nonlinear behavior of the
amplifier. This results in the previous stages being less efficient than the output
stage; however, their contribution to the overall efficiency is smaller because of their

smaller output power (Patterson, 2002).

Table 2.1 : Gain, fsgg and fr comparison of cascaded cells given in Figure 2.23.

1% Stage 2" Stage 3" Stage
Z
|Gv1| :Gm ?0 |Gv2|:szo |Gv3|=GmZo

1 1 1
fage = , fas = , fog =
2n(Z,/2+ l’i)Cgs 2n(Z,/2+ I’i)Cgs 2n(Z, + I’i)CQJS

|Gv| fadB,cs = fT |Gv| f3dB,CS =2 fT |Gv| f3dB,CS = fT

2.3 Limitations on Wideband Power Amplifier Design

Design of wideband power amplifiers needs to consider some of the limitations,
which limit the performance of the circuit. None of the basic design specifications
including power, linearity, efficiency, and bandwidth is free of the other from the
design perspective and all the specifications have tradeoffs between each other. In
this section, we will determine some of well-known limitations to design wideband

and efficient amplification.

2.3.1 Limitation on power-bandwidth

The power frequency limit (known as pf?) originates from the inherent limitation of
the breakdown voltage that can be achieved by any given high frequency device
technology. This limits the output power that can be obtained by the device over a

wide bandwidth. It can be shown that there exists a relation (Rohde et al, 2010),
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v, <o (2.56)

2r
where Enay IS the breakdown electric field, vsy IS the velocity of carrier (i.e. electron
in most of the high-speed, high power devices). This equation indicates the tradeoff
between the high power (i.e. high breakdown voltage) and wideband operation of the

device.

For a given device, simply by taking R o, to be equal to Zy, Py, over this load
related to the equation (2.56) can be written as,

2 2
e Vbr < (Emaxvsat) (257)
’ 82, 8r°Z,f’

1

By rearranging the equation, we can conclude the power frequency limit as,

2
f 2P < (Emaxvsat) (258)

T " out,max — 2
8x RL’opt

It is important to notice that this trade off does not mean that high fr devices have
lower power capabilities. High output power can be obtained over narrow

bandwidths at high frequency by matching to Ry gpt.

2.3.2 Limitation on wideband matching

In wideband PAs, the crucial task is to transfer power from source to load by
transforming complex load impedance Z, =R +jX, to match a resistive or complex
source impedance Zs=Rs+jXs over a wide frequency band. These impedances are
usually measured at a finite number of radio frequencies. We have shown that at any
particular frequency, the maximum available source power to the load occurs when
input impedance is a complex conjugate of source impedance. In the design of
wideband impedance transformers, the aim is to find an equalizer network that
minimizes the mismatch, thus maximizing the transducer gain. Carlin and Civalleri
(1998) indicated that conjugate matching is not physically possible over a finite

frequency band.
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The most critical step of any wideband power amplifier design is the synthesis of the
matching networks, which ensure that maximum power is transferred to a load within
the operation band. In practice, this cannot be realized easily for all the frequencies
of interested. Fano (1950) has shown the theoretical limitations for the broadband
matching of any arbitrary impedance. According to his study, there is a general
limitation on the bandwidth which an arbitrarily impedance match can be obtained in
the case of a complex load impedance. A general and well-known name of the

criterion called Bode-Fano limit can be derived for parallel RC load impedance as

o
Lossless
Matching R C
> Network
O
[Tl

Figure 2.24 : Matching network representation for parallel-RC load impedance.

given in Figure 2.24.

The corresponding Bode-Fano expression is,

[“in ! o< = (2.59)
o T (@) RC
where (2.59) can be rearranged to be inspected by terms of both Af and |['in(®)| as

given below.

-1

I\ p— — (2.60)
2RC N[, ()|

-1

|rin (a))|min 2 em (261)

|rin|/\

1—‘min
0 > f

fmin fma><

Figure 2.25 : Ideal representation for reflection coefficient of RC-loaded lossless
matching network.

39



Figure 2.25 shows an ideal illustration for the reflection coefficient |Iin(w)| seen from
the input of an ideal RC-loaded lossless matching network. According to the
expressions above, it is possible to have theoretically infinite bandwidth with zero
value capacitance or zero value susceptance. Networks having no susceptance part
only need to match their real admittances (i.e. conductances). Real impedance
transformation is the matching problem of the real-only impedances. The theoretical
bandwidth for any real-only impedance matching network is infinite as derived

above given equations.

In practice, there are always reactance/susceptance parts for the complex impedances
at both input and output ports of any given active device. Behind that, active device
input/output terminals behave nonlinear under large signal conditions. From the
power device perspective, the main problem arises as the optimum impedance-
tracking problem of the matching network, which must ideally keep the track of
load-pull impedances data with the increasing frequency. Generally, this is not an
easy task. In other words, one cannot easily obtain convenient matching networks to
transform optimum impedance loads into a known real load (e.g. 50Q2) in the entire
band. In general, frequency response of the optimum output impedance rotates
counter-clockwise direction on the smith chart while the corresponding matching
networks simply rotate on clockwise direction. Because of this fact, there are only a
few (simply two) frequencies where the solution matches perfectly and the
impedance matching network provides the desired power matching condition (Sechi
and Bujatti, 2009).

There are many approaches to synthesize wideband-matching networks to alter
wideband power transferring problem. Yarman (2010) summarized various analytical
techniques suitable for the wideband-matching of the networks in which the Real
Frequency method is emphasized mostly. Vatankhah and Boumaiza (2009) also
reviewed the well-known synthesis methodologies suitable for such wideband-
matching networks. Because the detailed underlying theory for wideband-matching

problem is out of the thesis scope, it will not be considered here in detail.

2.3.3 Limitation on class of operation

In this section, we will look at the classes of operation that are suitable for the use of

wideband PA design. Although there are many different class of operation, we will
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focus mostly on class-A and AB/B operations which will be shown to best suit
wideband operation.

2.3.3.1 Class-A

Class-A operation for an amplifier means that the transistor operates in the active
region at all times. Figure 2.26 shows the simple class-A circuit. In this class of
operation, drain/collector current flows for 360° of the signal cycle (Gupta et al,
2001). The designer usually tries to bias Q-point somewhere near the middle of the

load line as shown in Figure 2.27.

Figure 2.26 : Class-A PA circuit schematic.

Optimum load for this operation is,

R _ Vbr _anee (262)

L,opt — |
DSS

The maximum power obtainable from the output is then equal to

2
P (Vor =V )~ (2.63)
' 8R

L,opt

In class-A operation, the transistor small-signal parasitic elements are relatively
invariant through the signal swing operation yielding low distortion operation. This
simplifies the design. However, the linearity degrades at higher input powers when
the load-line reaches the knee or cutoff. High bandwidth could be obtained, as the
harmonic frequencies need not be tuned. Since the transistor is always on, the large-

signal gain is the highest in this configuration. For power amplifiers whose frequency
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of operation is a significant fraction of fyax, class A can be the only possible mode of
operation with reasonable power gain (Paidi, 2004).

Class-A power amplifiers have the highest linearity and power gain compared to
other amplifier classes. However, due to the bias point in the middle of the
transconductance region of i-v curves, a large quiescent current flows into the device
resulting in huge power dissipation. The theoretical maximum power efficiency is
50%.

VGS:O
Ipss
1
slope:RLvODl
Iog
Q
I
. V,
0 =y
anee VDD ( Vb,—

VGSZVp

Figure 2.27 : Load-line of class-A operation.
2.3.3.2 Class-AB/B

A class-AB power amplifier is a good compromise between a class-A and a class-B
amplifier and is biased such that the conduction angle is between 180° and 360°. The
biasing condition of PA in a class-B is set at the threshold of conduction so the
transistor is active half of the time and the drain current is a half-sinusoid. Since the
amplitude of the drain current is proportional to drive amplitude, class-B provides
linear amplification only when conducting. The instantaneous efficiency varies
linearly with the RF-output voltage and reaches to a maximum value of nearly 78.5%
for an ideal PA. For low-level signals, class-B is significantly more efficient than
class-A, and its average efficiency can be several times that of class-A at high peak-

to-average ratios (Raab, 2002).

The linearity of class-AB amplifiers is close to that of class-A amplifiers while the
efficiency is close to that of class-B amplifiers (Shrestha, 2010). The bias point for
class-AB/B amplifiers is selected depending on the linearity and efficiency
requirements. Figure 2.28 shows a class-AB/B tuned amplifier where the sinusoidal

output signal is obtained using an LC resonator tuned to the fundamental frequency.
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The drain voltage and current waveforms are sinusoidal and half-sinusoidal
respectively and the drain is biased at roughly half the peak-peak RF output voltage
swing. Since the transistor is off when the voltage across it is high, lower dc
consumption and hence higher efficiency is succeeded. However, this configuration
is inherently narrowband because the LC resonator that is designed to be a short
circuit (when series) or open circuit (when parallel) at the fundamental frequency and
vice versa at the second harmonic and so even bandwidths of 2:1 (i.e. 66%) are hard

to realize (Krishnamurthy, 2000a).

As mentioned above, a single class-B operation produces a large amount of distortion
in the signal. This distortion takes the form of adding harmonics of the fundamental
frequencies. By the use of a push-pull circuit, we are able to cancel the even
harmonics in the class-B amplifier and both high efficiency and good output signal is

possible to obtain.

Figure 2.28 : Class-AB/B tuned amplifier.

Load-line of a class-B operation for a given FET device is given in Figure 2.29. As
the current conduction happens only half of the period, load-line slope is increases
(RLopt Is decreases) in class-B (also in class-AB) operation. Linear power
amplification can also be achieved with using class-B push-pull implementations.
Push-pull operation also provides a larger impedance transformation ratio than
parallel in-phase combining, which is particularly important for large periphery

devices.
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Figure 2.29 : Load-line of class-B operation.

In the push-pull operation, transistors conduct on alternate half of the signal to
provide fully sinusoidal output waveform. For this aim, a transformer is needed at the
input and output (Lee, 2003). Since complementary devices and magnetic materials
are not available at microwave frequencies, 180° hybrid couplers known also as the
balanced to unbalanced transformer (balun) have to be used instead of transformers.

A class-B push-pull configuration is shown in Figure 2.30.

Figure 2.30 : Class-B push-pull amplifier.

According to operation, the two primary and secondary windings are connected in
series at the input (i.e. series-series transformer). By this way, we can create equal
amplitude and 180° out of phase voltages for the two devices. Such a balun (or
transformer) used in the circuit provides a high impedance (open) termination for

even mode signals and is not suitable for the output.

Moreover, at the output, we have 180° out of phase sinusoidal voltage waveforms
from the two transistors, but the current waveforms have to be out of phase and half
sinusoids for a true class-AB/B operation. This requires a zero impedance (short)

termination for the even mode (symmetric) drain current. This is achieved using
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transformers by connecting the primary windings in series and the secondary

windings in shunt (series-shunt transformer).

On the other hand, a series-shunt transformer in Figure 2.31a could be realized using
a series-series transformer as shown in Figure 2.31b. By this way, we can short the
symmetric drain currents with a separate even mode termination. For broadband
operation we require that both the balun and the even mode termination be
broadband (Krishnamurthy, 2000a).

In the wideband design, the difficulty of balun designs often came from being
physically too large to fit into IC chips, which are impossible to fabricate in a
monolithic form (Nguyen, 2012).
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Figure 2.31 : Transformer configurations for class-B operation (a) series-shunt (b)
series-series operation (Krishnamurthy, 2000a).

2.3.3.3 Nonlinear classes of operations

These classes of amplifiers are different from the linear classes because the output
power is not a linear function of the input power. Nonlinear classes of PA operations
such as D, E and F are based on the idea that the active device operates in saturation
and behaves as a switch with low impedance while the linear classes of operations

such as A, AB, and B employ transistors as current sources with high impedance. If
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the transistor is an ideal switch, a 100% of efficiency can be achieved by the proper
design of the output-matching network.

Linear power amplifiers preserve amplitude and phase information, whereas
nonlinear power amplifiers only preserve phase information. Linear power amplifiers
can drive both broadband and narrowband loads where the nonlinear power
amplifiers usually drive a tuned circuit and narrowband load. Nonlinear classes are

out of the thesis scope and will not be studied any more.

2.4 Chapter Evaluation

In this chapter, we have started by introducing the basic characteristics of PAs.
Although there are many terms and terminologies to characterize high frequency and
microwave PA behavior, we have focused on the titles, which are useful in the
design of wideband PAs. Continuously, the transistor figures of merit are defined to
introduce active device behavior by means of power and maximum operating
frequency. In this manner, we have introduced the load-line theory and load-pull
concepts to show their importance over small-signal conjugate matching technique.
After that, the most common and basic structures: common source and cascaded
amplifiers are inspected with their capabilities over wideband operations. After all
basic and fundamental subjects, the limitations on wideband PA design are given to
show the basic and fundamental problems in the design of wideband PAs. Here we
have concluded that, although the low-efficiency problem is inevitable, the linear

class of operation is required to operate in the wideband.

From now on, we will start inspecting for possible solutions previously proposed in
the literature and will try to make some of the design suggestions and systematics to

help any designer on the design of wideband PAs.
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3. COMPARISON ON DEVICE TECHNOLOGIES AND DESIGN
TOPOLOGIES

In this chapter, in the first phase, we will review various solid-state device
technologies, which are used frequently in the design of wideband PAs. Since the
applications extend from low-frequency range of a few hundred MHz to microwave
range, the choice of a device is affected by many different criteria, which are related
to fundamental operation mechanisms and they determine the overall performance.
From this perspective, we will examine the most frequently used solid-state device

technologies.

In the second phase of this chapter, we will introduce the basic and well-known
design topologies to implement wideband power amplifiers. For this aim, we will
classify circuit topologies into sub categories and will examine the basic and
fundamental operations of these topologies with the given comparative example
designs.

3.1 Solid-State Device Technologies for Wideband Power Amplifiers

In this section, we will introduce some of the silicon and I1l-V compound based
device technologies, which are suitable for high-power and wide bandwidth
applications. These technologies are silicon based ones: silicon-germanium (SiGe)
heterojunction bipolar transistors (HBT), laterally diffused metal oxide
semiconductor (LDMOS) devices, silicon carbide (SiC) devices and metal
semiconductor field effect transistor (MESFET).

Beyond those devices, we also summarize some of the high electron mobility
transistor (HEMT) technologies, which are used in today’s modern 111-V compound
semiconductor technology such as gallium arsenide (GaAs) and gallium-nitride
(GaN) HEMT. Selecting a suitable device technology depends on the needs of the

given application. Among all the specifications, output power and bandwidth are the
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most sufficant factors, which also determine the cost of the overall implementation

process.

3.1.1 SiGe HBT device technology

At the beginning of the 1980s, 111-V HBTSs have been intensively studied due to their
high potential for high-speed analogue and digital electronics systems. In the 1990s,
Si and SiGe HBTs from a bipolar complementary metal-oxide semiconductor
(BICMOS) technology have been developed for the wireless market applications
(Andrews, 2009). It seems obvious that the high integration level and the low cost of
the SiGe technology are the significant advantages over the 111-V technology (e.g.
GaAs, InP HBTS).

The main physical difference between the HBTs and traditional homojunction
bipolar transistor (BJT) is that at least one of HBTs two junctions is composed of
different semiconductor materials. Table 3.1 summarize the frequently used HBT
material combinations according to substrate material. Figure 3.1 shows a cross-
section of SiGe HBT where the base Si region is compounded with the Ge atoms to
form a thin SiGe layer. In the npn-type HBTSs, the emitter-base junction is a
heterojunction where the emitter is wide gap and the base is narrow gap material. By
this way, a high potential barrier over emitter-base heterojunction stops holes from
being injected back into the emitter region and for that reason; it enables the emitter
efficiency to be almost one even if the base is highly doped. In this way, base sheet
resistance is lower than in ordinary BJTs and the resulting operating frequency is
accordingly higher and noise performance is better (Burghartz, 2013).

Nowadays, SiGe HBT technologies are commercially available in a number of
foundries and fr/fmax frequencies are possible to over 300/500GHz as seen in Figure
3.2. The main advantage of HBT with respect to FET devices, where PAs are
concerned, is said to be the higher linearity, which seems to be related to the base-
emitter junction capacitance and its beneficial effect in reducing the intermodulation
products (Oki et al, 1997). The main drawback of SiGe HBTs appears when
designing PAs. This is due to SiGe’s low breakdown voltages compared to other 11—

V technologies.
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Table 3.1 : Frequently used HBT material combinations according to
substrate material (Pascal et al, 2003).

Type of HBT  Emitter Base Collector  Substrate
Single HBT  AlGaAs GaAs GaAs

Single HBT GalnP GaAs GaAs GaAs
Two HBT AlGaAs GaAs AlGaAs

Single HBT InP GalnAs  GalnAs

Single HBT AllnAs  GalnAs  GalnAs InP
Two HBT AllnAs  GalnAs InP

Single HBT a-Si Si Si

Single HBT SiC Si Si Si
Two HBT Si SiGe Si

Base Emitter Base Collector

’F metal E
2>/ |

Figure 3.1 : An illustrative cross-section for SiGe HBT.

p-substrate

Breakdown voltage in SiGe is inherently related to peak fr of operation through the
Vprxfr. While SiGe has fr values over 500GHz, the need for high breakdown
voltages in power amplifier design has seen only relatively high power PAs designed
at low frequencies in this technology and making the realization of a power amplifier
in SiGe HBTs suitable for millimeter-wave operation particularly challenging
(Larson, 2004).

Because the SiGe HBT it is a vertical transport device, by scaling-down the device
size, its speed does not increase as much as CMOS technology. In other words,
fr/fmax Of SiGe HBT does not depend on lithography as strongly as it does in CMOS.
Giving an example that; a CMOS process of 65nm or possibly even 45nm has the
equal performance (as characterized by the peak fr/fmax) with 130nm SiGe. This
difference is important, since lithography is the major cost problem in integrated

circuit production (Cressler, 2013).
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Figure 3.2 : Evolution of the peak fr and peak fmax 0f SiGe HBTs at 300°K
(Cressler, 2013)

3.1.2 LDMOS device technology

Unlike the BJT, LDMOS is a relatively recent technology, developed between the
late 1980s and early 1990s, which has become the technology of choice for PA
designs for base station applications. Due to its higher gain and efficiency, and most
importantly superior linearity, LDMOS has completely replaced the BJT as the
technology of choice for linearity critical applications such as the wireless
infrastructure base station market (Burger, 2004). Today, LDMOS is the leading
technology for a wide variety of RF power applications, such as base station,
broadcast, FM, VHF, UHF, industrial, scientific, medical (ISM), and radar
applications (Vye et al, 2009).

A cross-section representation for LDMOS transistor is given in Figure 3.3. LDMOS
transistor has a drain extension region (drift region) to improve the breakdown
voltage up to 80V. Low drain to source on resistance (Rpson) is also achieved through
this drift region, which also results in excellent efficiency for pulsed class B power
amplifiers (Brech et al, 2003). The LDMOS n-source region is connected to the
backside via a metal bridge, a p-type sinker, and a highly conducting p-type
substrate. Electrons flow from the source to drain if the gate is positively biased and
it inverts the laterally diffused p-well channel. The drain is shielded from the gate by
a field plate realizing an extremely low Cgy feedback capacitance and good hot

carrier reliability properties (Theeuwen and Qureshi, 2012).
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Figure 3.3 : An illustrative cross-section for LDMOS device.
3.1.3 SiC MESFET device technology

MESFETSs have a physical structure similar to MOSFETSs. The difference is the gate
electrode, which uses a metal-semiconductor (Schottky junction) contact instead of a
poly-silicon arrangement as in MOSFET. A typical structure of a MESFET is
depicted in Figure 3.4. There are two n+ regions, one for source and the other for the
drain, while an n-type channel is present between drain and source terminals and
connected to the gate by a Schottky junction (Colantonio et al, 2009). Although
MESFET is a well-known technology, most mature technology, it is not the best
choice for power, especially when the operation frequency is high. This is due to the
requirement of small gate length imposed by the high frequency, which translates to
smaller channel thickness. This imposes higher doping in order to conserve the

current performance and thus smaller breakdown and power (Pavlidis, 1999).

In recent years, silicon carbide has received remarkable attention during the last two
decades and there are increasing requests for higher speed, power, efficiency, and
broader bandwidth power transistors. SiC MESFET has been attracting much
attention as a wide band gap semiconductor device due to its superior properties such
as high breakdown field, wide band gap, high electron saturation velocity and large
thermal conductivity.

Source Gate Drain

Depletion
region

n channel

) phbuffer

§ Semi-insulating substrate 2
t |

Figure 3.4 : An illustrative cross-section for MESFET device.
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The wide band gap of SiC results in both high mobility and high breakdown voltage.
Therefore, a SIC MESFET can have a frequency response comparable to that of a
GaAs MESFET and breakdown voltages double that of Si LDMOS. On the other
hand, the cost of SiC devices is at presently about ten times that of Si LDMOS.
(Raab et al, 2002). The high thermal conductivity of the SiC substrate is particularly
useful in high-power applications. It is often cited that the thermal conductivity of
SiC is higher than that of copper at room temperature (Saddow and Agarwal, 2004).
In common, Si, as temperature increases, intrinsic carriers increase exponentially so
that undesired leakage currents grow unacceptably large, and eventually at still
higher temperatures, the semiconductor device operation is overcome by
uncontrolled conductivity as intrinsic carriers exceed intentional device doping.
Depending upon specific device design, the intrinsic carrier concentration of silicon
generally confines silicon device operation to junction temperatures less than 300°C.
With the much smaller intrinsic carrier concentration of SiC, a device operation at

junction temperatures exceeding 800°C is theoretically permitted (Neudeck, 2000).

The higher operating voltage and associated higher load impedance greatly simplify
output matching networks and power combining. SiC MESFETSs typically operate
from a 48V supply. Devices with output densities of up to 20W/mm and 20/70GHz
of fr/fnax are currently available (Elahipanah and Orouiji, 2012).

3.1.4 GaAs HEMT device technology

HEMTs are the improved version of the MESFET geometry by separating the
schottky and channel functions. There are some additional layers added to basic
MESFET geometry, which are: a heterojunction consisting of an n-doped AlGaAs
Schottky layer, an undoped AlGaAs spacer, and an undoped GaAs channel. The
discontinuity in the band gaps of AlGaAs and GaAs causes a thin layer of electrons,
which is the hearth of the HEMT devices and known as “two-dimensional electron
gas” (2-DEG). 2-DEG form below the gate at the interface of the AlGaAs and GaAs
layers as shown in Figure 3.5. Separation of the donors from the mobile electrons
reduces collisions in the channel, improving the mobility, and hence high frequency

response, by a factor of about two (Raab, 2002).
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Figure 3.5 : An illustrative cross-section for HEMT device.

The pseudomorphic HEMT (PHEMT) is an enhanced and improved version over the
basic HEMT by employing an InGaAs channel. The main purpose on designing the
PHEMT material structure is to increase the 2-DEG concentration and improve
mobility (Li and Yang, 2013). The increased mobility of In with respect to GaAs
increases the band gap discontinuity and therefore the number of carriers in the two-

dimensional electron gas.

HEMTSs are known in the literature by a wide variety of different names, including
MODFET (Modulation-Doped FET), TEGFET (Two-dimensional Electron-Gas
FET) and SDFET (Selectively Doped FET). Up to 120/250GHz of fi/fnax are
possible to implement using 100nm GaAs PHEMT technology (Url-1, 2013).

Structures with different indium content in the channel. PAs based upon HEMTs
exhibit output power levels in excess of tens of watts at X-band and above
(Colantonio et al, 2009).

3.1.5 GaN HEMT device technology

GaN HEMTs are the next generation of radio frequency (RF) power transistor
technology that offers the unique combination of higher power, higher efficiency and
wider bandwidth than competing GaAs and Si based technologies. The design
activity and adoption rate is increasing each year; as more GaN based RF component
suppliers enter the market with production ready, reliable products (Aichele, 2009).

Many manufacturers of radar, space, and military communication equipment are
search for solid-state components to replace travelling wave tube amplifiers where
GaN stands as the top choice. Electrical properties of GaN and related components
(e.g. AlGaN, InAIN) such as: higher breakdown field, higher electron channel
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density and mobility are the main reasons for such high interest (Babic et al, 2010;
Jardel, 2012; Lanzerie et al, 2012).

Moreover, an increasing number of GaN PAs designs based on the well-known
wideband techniques are proposed to show both high-power and wideband
performance simultaneously. The combination of good electron transport capabilities
and high breakdown field in GaN compared to common semiconductors enables the
realization of high voltage, high power and high frequency transistors. Power
densities as high as 40 W/mm have been reported (Wu et al, 2006). Significant
research is also being invested in GaN for power generation at millimeter
frequencies. Recently reported fynax of 400 GHz shows how GaN may play a part in
bridging the THz range applications (Shinohara et al, 2010).

3.1.6 Comparison for different device technologies

It is clear from the previous subsections that, there are huge advantages of the wide
band gap devices when designing wideband and high output devices. Table 3.2
shows the advantages of wide band gap devices according to the needs of
applications. From the material properties of view, comparison of Si and wide band

gap semiconductors is listed in Table 3.3 with the depicted figure of merits (FOMSs).

Table 3.2 : Some of the advantages of wide band gap devices.

Goal How to success? Advantage
High-power Wide band gap, Compactness,
per unit width High field Simple matching
. . Eliminating step-down
High Ve, High Vi biasing circuitry
High-linearity HEMT Optimum Band Allocation
. . . Bandwidth,
High-frequency High-electron velocity mili/micro wave operation
High efficiency High Vg, Power saving,

reduced cooling
High junction

Wide band gap devices Reliabity, reduced cooling
temperature

SiGe HBTSs has the capabilities of easy integration and so they are very cost effective
devices. However, the SiGe HBT device structure remains a relatively low power

capabilities, thus it is not a candidate for high power and high frequency applications.

If very-high frequency linear operation is required, (P)HEMTs offer the best choice

due to their high gain up to millimeter-wavelengths and their good noise and power
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performance over HBTs are attractive at cellular radio frequencies for power
amplification. The advantages of the HEMT include its high carrier concentration
and its higher electron mobility due to reduced ionized impurity scattering. The
combination of high carrier concentration and high electron mobility results in a high
current density and a low channel resistance, which are especially important for high
frequency operation and power switching applications (Mishra et al, 2008).

The high performance of SiC thermal conductivity over Si, GaAs and GaN is worth
considering. The wide bandgap energy and low intrinsic carrier concentration of SiC
allow it to maintain semiconductor behavior at much higher temperatures than Si and
GaAs technologies. SiC MESFETS benefit from the excellent thermal conductivity of
its substrate. However, its electron mobility is significantly lower than that of GaN,
which is related to the lack of availability of heterojunction technology in this
material system. On the other hand, the ability of GaN to form heterojunctions makes
it superior compared to SiC, in spite of having similar breakdown fields and
saturation electron velocities (Colantonio, 2009). GaN can be used to fabricate
HEMTs whereas SiC can only be used to fabricate metal semiconductor field effect
transistors MESFETS. GaN is also cost-effective to SiC. High quality GaN transistors
can be grown onto large diameter Si substrates, being a major cost advantage (Visalli
et al, 2009).

As was seen from Table 3.3, although Diamond (C) seems to have excellent
properties to other materials, there are still many issue need to be solved before
having cost-effective and stable diamond based devices.

Table 3.3 : Some properties of wide band gap materials over Si.

Property Si GaAs SiC' GaN’ InP  Diamond
Bandgap, Eq (eV) 112 143 326 345 135 545
Dielectric Const. &, 119 131 101 9.0 10 55
Breakdown Field, E. (MV/cm) 03 045 22 2 50 10
Electron mobility, pi, (cm%/Vs) 1500 8500 1000 1~2x10° 5400 2200
Hole mobility, p, (cm?/Vs) 450 330 115 850 200 850
Thermal Conductivity (W/cm°K) 15 046 4.9 1.3 0.68 22
Saturated velocity, Ve (x10'cm/s) 1 1 2 2.2 2 2.7
Baliga FoM (Baliga, 1989) 1 16 34 100 6.5 12500
Johnson FoM (Johnson, 1965) 1 11 410 790 31 5800

* SiC metarial here is a hexagonal polytypes of 4H-SiC.
® Mobility quantity of GaN is belong to AlGaN/GaN heterostructure .
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Some of the wide band gap technology based nominal device performances are
summarized in Table 3.4. As seen in the table, GaN HEMT has the highest W/mm
power density among the others. A high power density is advantageous as the
physical size is smaller and suffers less from parasitic. Since the Ro,: impedance level
is higher in the GaN HEMT than the GaAs version, it helps to implement both hybrid
and MMIC high power PAs due to the possible power combining techniques. A
higher Rop is also suitable with LDMOS technology, however, at the price of much
higher output capacitance and so the less bandwidth. As it was shown before in
Bode-Fano criteria in equation (2.59), the fractional bandwidth and the matching
criteria could be re-arranged as Andersson (2013) depicted:

IC

(3.1)
600 | Ropt

According to equation, there exists a fundamental limitation on matching, depend on
the both device parameters, Ropt and Xcgs. The Xcas/Ropt ratio is also independent of
the device periphery and gives information about the possible bandwidth of the

device operation. Higher the Xcqs/Rope ratio is better when designing wideband

networks.
Table 3.4 : Technology based nominal electrical properties of some wide
band gap materials (Cripps, 2006).
Vsup Imax Cds Ropt XCds/ Ropt
(V)  (mA/mm) (pF/mm) (Q.mm) (f,=1GHz)
GaAs PHEMT@2GHz 10 350 0.25 57 5.6
GaAs PHEMT@10GHz 10 350 0.25 57 11
Si LDMOS@850MHz 28 200 1.0 280 0.7
Si LDMOS@2GHz 28 200 1.0 280 0.3
GaN HEMT@2GHz 40 600 0.3 133 3
GaN HEMT@10GHz 40 600 0.3 133 0.6

3.2 Basic Design Topologies for Wideband Power Amplifiers

In this section, we will review the conventional design topologies for the discrete,
hybrid and monolithic design of wideband PAs previously presented and
implemented. Conventional approaches to design and implementation of wideband
amplifiers could be classified into some of sub-categories such as: Resistive/reactive
feedback PAs, Reactively matched PAs, lossy-matched PAs and distributed PAs. It is
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evident to clarify pros and cons of these topological structures and distinguish the
differences between the implementations. By this way, we could choose a suitable

approach and go on to success on the motivations and aims of this work.

3.2.1 Resistive/reactive negative feedback power amplifiers

First topological approach to wideband PAs is the resistive/reactive feedback
technique, which is used widely in general wideband RF amplifier design. Feedback
technique has the advantages of increasing bandwidth, stable operation, simple
design, controlling over the input/output impedances, reducing parametric

sensitivities and increasing linearity (Sayed, 2005; Virde et al, 2006).

From the basic feedback knowledge, four basic feedback configurations could be

listed as: shunt-shunt, shunt-series, series-shunt and series-series.

Figure 3.6 : Simple representation for (a) resistive shunt-shunt feedback (b) series-
series feedback CS PA.

The feedback amplifiers shown in Figure 3.6a-b employs shunt-shunt and series-

series feedback, respectively where R¢’s are the feedback resistors.

With the help of small-signal equivalent given in Figure 2.5b and ignoring the
internal parasitic for simplicity, we can written the device y-parameters when shunt-

shunt feedback is applied
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then converting y-parameters into s-parameters, we can conclude that,
_ ) -
1Oty pg 7242k
S Sy 1 Rf Rf
=— ) (3.3)
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Rf Rf
where A is equal to,
2
A:1+ 2ZO +ngO (34)
R f

As for the matching purpose of the device, si; and s, is desired to have zero value,

by applying the conditions we can get the value of feedback resistor as,

R;

=0nZs (3.5)

S11=52=0

When inspecting the equation (3.3), we see that the gain related to s,; could be flatten
by proper design of R; as in (3.5).

The resistive feedback configuration results in poor output power density due to the
additional loss in the feedback resistor. On the other hand, the reactive feedback PA
topologies are suitable for bandwidth less than one octave and suitable for high
power and relatively higher PAE. Since they use frequency dependent reactive
elements, they require more matching elements to implement wider bandwidth.
However, because of higher-Q of the reactive elements, poor gain flatness and
narrow band input/output matching is also another drawback in reactive feedback
configurations (Bahl, 2007).
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Using an inductor is preferable when designing with reactive feedback. This is
related more to noise specifications. Using inductor in source/emitter may help to
improve overall noise performance of the amplifier. By this way, the input could be
both more resistive and low ohmic that results in relaxed impedance matching at the

input side.

From the literature point of view, although they have design simplicity and cost
effective and multi-octave performance, the feedback amplifier designs are not
preferred much when concerning with the power amplifiers. This is mostly due to the
loss of the resistive part, which is dropping the efficiency more at the lower end of
the operation bandwidth.Table 3.5 lists the some of the previously proposed
Resistive/Reactive feedback wideband high-power PAs. In most of the cases,
including the table circuits, resistive/reactive circuits are the parts of the overall PA
design. They are generally placed to drive a higher power output stage circuitry. By
this way, an improved input matching and overall PA stability could be ensured.

3.2.2 Reactively matched power amplifiers

Reactively matched amplifiers are another PA design topology to obtain wideband
power amplification. The idea behind the reactively matched amplifier is based on
the resonance of inductive and capacitive elements. The input and output terminals of
any given transistor can be represented by either series or parallel combination of
capacitor and resistor (see Figure 2.5). To match a real impedance (e.g. Z&=50Q) to
complex input impedance of the given transistor, one have to resonate the reactance
part of the input impedance. It is clear that the resonance is a frequency dependent
operation or in another way to say, these reactive elements together form a filter,

which limits and narrow the bandwidth.

In Figure 3.7a-b, a simple circuit implementation of reactively matched amplifier and
its characterizing frequency response is shown. To resonate the internal Cgys
capacitance of the input impedance, an inductance, L is shunted at the input of the

transistor.
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Table 3.5 : Some of the previously proposed resistive/reactive negative feedback wideband PAs.
Reference Technology Implementation Die Size BW BW  Pgu Psat Gain PAE DE
(Vendor) P (mm?) (GH2z) (%) (dBm) (dBm) (dB) (%) (%)
Sun et al, (2012) 0.13um CMOS I 1.1x0.8 0.7-6 158 6-11 - 2043 >6% -
Cascaded
. GaN on SiC Hybrid,
— = =+ = o
Lin etal, (2011) (TriQuint) Multi Stage 0.03-4 197 35 42+1.75
MMIC
Huang et al, (2010)  GaAs+CMOS Stackec’i 0.9x0.76 1-5 133  18-20 20-22 175+25 18-36 -
LDMOS Discrete
I, (201 ’ - .002-051 1 46— 4 - 43+2 28 -4 -
Seo et al, (2010) fa— Stacked 0.002-0.5 98 6-48 3 8-49
Kobayashi et al, 0.2um GaN
| + _ -
(2007) on SiC MMIC 1.7x1.7 0.2-8 190 33 34 14+6 28-37
Ezzeddine and
L L L =+ = .
Huang (2006) 0.5pum GaN MMIC 4 0.03-2.5 195 33-36  33-37 21+1 20-40
Sayed, (2005) GaAs+SiC Discrete - 0.01-24 198 37-39 - 23+1 28 -
Krishnamurthy etal, TriQuint GaAs  Flip Chip
. 1.1x1.4 2 — 187 23-2 - 131 22 -4 -
(2000b) IC Bonding 145 02-6 87 23-25 3 0
Sayginer et al, 0.35pum SiGe
— — - + — -
(2011b) UBT IC 1.0x1.3 02-22 167 13-16 7.5+1 11-35
Sayginer et al, 0.35pm SiGe
= — o =+ — =
(2011b) HBT IC 1.8x2.3 02-22 167 17-20 2243 10-30
Sayginer et al, 0.25pm GaAs
MMI 1.3x2. 1- 1 25-2 28 — ~ 27-4 -
(2013) PHEMT C 3x2.9 8 56 5-28 8-30 9 5
Sayginer et al, 0.25um GaAs
— —_ —_ =+ — =
it PHEMT MMIC 3.4x1.4 15-9 143 28-29 29-30 15+1 36 -39
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Figure 3.7 : Simple representation for (a) reactively matched amplifier and (b)
corresponding frequency response.

After all, the only need for complete matching is to transform equivalent real input
conductance into the real source impedance. For this aim, we could possibly use a
wideband impedance transformer (Krishnamurthy, 2000a). Basic circuit analysis

yields that the required inductance value to resonate with input Cgs is equal to,

1
Y (3.6)
4r* £5C,
where fy is the center design frequency and by taking the load-line match at the
output, corresponding s,1 rm and transducer power gain, Gt rwm Of the amplifier could

be calculated as,

ngO
S =
2R o f,Con/RiZ, 3.7)

_ (Vbr _anee) IDSS 1 38
V2 47 f7CPR (38)

GT,RM

where Vy, is the transistor break-down voltage (Vmax), Ibss IS the maximum current
obtainable from the device (Imax) and V,, is the pinch-off (or threshold) voltage of the
transistor (see Figure 2.14b for details). The bandwidth of the PA can be examined
by taking fo <<1/(2nR;Cgys) and can be showed that (Krishnamurthy, 2000a),
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AdeB,RM =4z foZCgs. R; (3.10)

3.2.3 Lossy-matched power amplifiers

The input matching performance and the bandwidth of the PA could be increased by
introducing loss element (i.e. resistor). In this case, it is possible to damp the
resonance and absorbe the reflected power (Ellinger, 2007). The amount of gain
reduction in low-frequencies can be controlled by the added loss element, G, as
shown in Figure 3.8a-b with the corresponding amplifier frequency response. The
positive side effect of the lossy-matched topology is enhanced stability. Major
drawback is the increased noise and decreased output power at the point where the
loss element is used. A similar analysis can show that the corresponding Sz1m,
transducer power gain, Gt v, and the bandwidth of the amplifier could be calculated

as,

ngO
S =
am = .CoZus (3.11)

(Vr -V nee)l 1
Gy (g = b/ oS5

3.12
Vi 4rfticiz, (3.12)

1
3dB,LM — 7TC—Z

gs—in

Af (3.13)

where the bandwidth is shown to be improved with respect to the reactively-matched
condition at the cost of gain reduction as illustrated with the frequency response in
Figure 3.8b. The designer is responsible to select proper G loss element to trade
between the gain and bandwidth. Figure 3.9 shows an example PA representation
where both input and output is reactively/lossy matched and suitable for the

bandwidth of much less than an octave.
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Figure 3.8 : Simple representation for (a) lossy matched amplifier and (b)
corresponding frequency response comparing with the reactively
matched one.

Reactively/lossy matched topologies require more matching elements to implement
wider bandwidth. However, this may result in poor gain flatness and worse matching
performance. Unfortunately, wideband-matching of the active devices is not an easy
task. Nonlinear behavior of the device input/output impedances make possible
solutions harder to apply. There are many studies on the design of wideband-
matching networks where many of them are based on the analytical approaches like
making closed form solutions as Dawson (2009) was proposed and a well-known
real frequency techniques for wideband-matching as was mentioned before in the
limitations section (Yarman, 2010). In addition to relax the matching problem, some
of the solutions are also based on the impedance tracking methods which are strongly
depend on both the optimization techniques and CAD tools (Colantonio et al, 2008;
Chen et al, 2007; Patterson et al, 2007). Unfortunately, there are not many
systematics to design a wideband-matching in PA easily. Every design has its own
specification and its own self-design procedure. Although these disadvantages,
reactively/lossy matched topologies are more suitable for high power and high PAE
(Bahl, 2007). They are very suitable for the power dividing/combining techniques to
improve output power capability of the PA. In Table 3.6, some of the previously
proposed reactively/lossy-matched wideband PAs could be observed by their

performance metrics.
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Figure 3.9 : A representation of input and output reactively/lossy matched PA.
3.2.4 Distributed power amplifiers

From the circuit topology point of view, the distributed power amplifiers (DPAS) or
known as the travelling wave power amplifiers (TWPAS) are one of the most suitable
and preferred circuit implementation to obtain wideband power amplifier for a given
specific application. A conceptual operation of the DPA is illustrated in Figure 3.10.
If the transmission structures are identical, a wave can be launched on the gate-line
and be coherently amplified onto the drain-line. In practice, the constructing of such
transmission lines are simple with the identical properties on the gate and drain lines
assuming a unilateral transistor over a very wide range of frequencies. Thus, these

amplifier topology is naturally broadband.

Figure 3.10 : Conceptual representation for DA.

To absorb potential reflections, both lines are terminated with the proper line
termination impedances of Zt4 and Zt4. DPAs provide the best gainxbandwidth
product with flat gain and low voltage standing wave ratio (VSWR). They are
capable of multi-octave bandwidth. However, they have limited output power and
poor PAE (Bahl, 2007). DPAs also have low circuit sensitivities (Xie and Pavio,
2007).With using the device parasitic as the part of the transmission lines, device

bandwidth related limitations can be avoided.
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Table 3.6 : Some of the previously proposed reactively/lossy-matched wideband PAs.

Reference Technology Implemen- Die Size BW BW Pout Psat Gain PAE DE
(Vendor) tation (mm?) (GH2z) (%) (dBm) (dBm)  (dB) (%) (%)
Camarchia et al, (2012) OHS\;HTH GaN- umic 16x46  7-14 67 >37 - 6.8£12 - 4359
Yamada et al, (2011) GaN HEMT MMIC 20x31 615 86 - 32-34 14+2 <40 -
Jeong et al, (2011) GaAsHEMT  MMIC 2.36 17-28 49 215 - 202 - -
o
Moon et al, (2011) GaN (Cree) Iscrete 13-27 70 40— 42 - 141 - 56— 70
Krishnamurthy et al, 0.5um GaN on A
- _ - + _ -
(2008) S HEMT Multi-chip 5.0x6.0  0.05-22 198 39 125¢1 32-56 37-40
Bahl, (2008) GaAs MESFET ~ MMIC 50%63 2-8 120 38-40 - 15¢2  32-37 -
Xu et al (2000) GaN HEMT Flip-chip - 3-10 108  37-39 - 822 5.19 -
Arell and Hongsmatip, 0.5um GaAs
- MESEET MMIC 4.4 26 100 29-31 - 20 30-37 -
Sayginer et al, (2011b) &;ST‘"“ SiGe ¢ 10x13  02-22 167  13-16 - 75¢1  11-35 -
Sayginer et al, (2011b) &‘:’BST‘"“ SiGe ¢ 18x23 02-22 167  17-20 - 2243  10-30 -
. 0.25um GaAs
Sayginer etal, (2013) YU MMIC 13x29 1-8 156  25-28  28-30 ~9 2745 -
Sayginer et al, 0.25pum GaAs
— — — —+ _ =
(submittion) SHEMT MMIC 34x14  15-9 143  28-29 29-30 15¢1 = 36-39
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That is to say that, the basic principle underpinning the DAs is the use of inherent
parasitic capacitances at the input and output terminals of the transistor together with
the external inductive elements to form artificial transmission-lines (ATLs) (Wong,
1993; Virdee, 2000). The cut-off frequency of this class of amplifier is determined by
the cut-off frequency of the ATLs. The resulting structure readily provides
broadband performance, usually above one decade.

The distributed amplifier is an unconventional technique that allows an amplifier
designer to escape the tradeoff between gain and bandwidth. A schematic ATL
implementation of a DPA is given in Figure 3.11. Transistor total input and output
capacitances Cy and Cy form the shunt elements of low-pass ladder networks. The
series inductances and the shunt capacitances of these networks form lumped ATL

sections having a cutoff frequency of

1 1

f = -
" orLC,  mJLC,

(3.14)

where it is very important to notice that the phase velocities on the gate and drain
lines should be identical. Under this circumstance; the signal on the drain line add in
the forward direction and arrive at the output as the amplified signal. The waves
travelling in the reverse direction are not in phase and uncancelled signal is absorbed
by the drain-line termination. As a result of this fact, half of the output power is
wasted and so that the efficiency is halved (Beyer et al, 1984; Virdee et al, 2004 ).

DPA topology has been studied in details for many years to extract its all benefits to
improve PA designs. Beyer et al (1984) showed that the frequency response of the
DPA is limited by the gate-line attenuation. Prasad et al (1988) inspected the power-
bandwidth considerations of the DPAs and they showed that the gate-line attenuation
of DPA could possibly be reduced by inserting series capacitors with the active
device’s gate terminal. As a result, the bandwidth and input power capability
increase. In addition to this, the reduction in the gain of the amplifier due to the gate
series capacitors can be compensated by increasing the effective gate width of the
amplifier or by cascading amplifiers while maintaining a specified bandwidth. This
results in an increase in both the output power and the power-bandwidth product of

the amplifier.
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Figure 3.11 : A schematic ATL implementation of a DPA.

The power-limiting mechanisms in DPAs are related to the basic i-v limitations of
each device, which include gate related voltage limitations: forward conduction and
pinch-off voltages and drain related voltage limitations: breakdown voltage. Each
device vyields its maximum output power when all these limits are reached
simultaneously. However, these conditions cannot be simultaneously met in a

conventional DPA.

For the PA concept, these constraints, which are limiting to get power from the
device and the circuit can be identify in four separate power-limiting mechanisms
(Ayasli et al, 1984a). The issues involved in distributed power amplification and
power-limiting mechanisms could be classified into four titles, which will be

inspected below.

1) Finite RF voltage swing on the input gate line: This swing is limited on the
positive RF cycle by the forward conduction of the gate and on the negative cycle by
the pinch off voltage of the device. Hence, for a 50Q input impedance amplifier with
-3V pinch off voltage transistor and assuming the devices are biased at a drain
current of Ipgss/2 (i.e. class-A), the maximum input RF power to the amplifier is
limited by

VE,(-g+08)

Pin max
’ 8R., 8x50

=0.03W =+14.9dBm (3.15)

Where we assumed the forvard conducting voltage as around 0.5V. Thus, maximum

output power from the amplifier can not be larger than GainxPj, max.

2) Maximum total gate periphery: Due to the frequency-dependent nature of input-
line loss, as the input drive increases, usually the first transistor reaches saturation

much earlier than the others do. By the time all the transistors are saturated, the first
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one is already over-driven, leading to poor efficiency and reliability (Wu et al, 1999).
Reported monolithic distributed power amplifiers typically have 10% to 15% PAE.
Typically at microwave frequencies, the device nearest the output terminal
contributes the most power whilst the device farthest away contributes minimal.
Over some frequency ranges, some of the FETs sink rather than source power
(Eccleston, 2000).

Ayasli et al (1984) also show that the small-signal gain expression for the distributed

amplifier is approximately equal to

2. 252 aln2
Gz %[ %o (3.16)
4 2

where, n is the number of the stages, |y is the length of the gate transmission line per
unit cell and aq is the effective gate-line attenuation per unit length. With using the
equation (3.16), it is possible to show that dG/dn=0 occurs at aglgn=1. Therefore, the
following inequality has to be satisfied for a given design if one intends to employ

the devices in a single-stage design most efficiently.

a,,n<1 (3.17)

By relating the lg and o4 to the device input parameters r; and Cgs, as in Figure 2.5b,

we can write down
[0’ CoZy <2 (3.18)

Here, r; varies inversely and Cgys varies directly with the periphery of the given

device. Hence, in terms of the periphery w per device, equation (3.18) becomes,

nwe® < constant (3.19)

As a result, for a specified maximum frequency of operation and for a given device,
there is an upper limit to the maximum total periphery, nxw, that can be employed in
a DPA design. This maximum periphery determines the gain and consequently the

output power of DPA.
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3) Gate - drain breakdown voltage: When the signal is amplified, the drain terminal
voltage swing must be kept under the breakdown voltage limitation. Lowering of the
output impedance is not a solution for this limitation since the gain is proportional to

the impedance level as given in equation (3.16).

4) Optimum ac load-line requirements: For a DPA, the load-line that each individual
device sees is predetermined by the drain-line characteristic impedance. In this
manner, the only flexibility to control the load-line in the design is the periphery of
the unit device. On the other hand, the total periphery is also predetermined from
gate-loading considerations. This limitation is always faced as an unmatched

condition for the load impedance level (i.e. 50Q).

For a given device, there exists an optimum value of n to maximize the DPA
gainxbandwidth product. Increasing the stage number, n will increase the upper
frequency gain until the gate-line attenuation cancels the gain contribution of the last
device section since it is unable to feed by the input-line. At this point, any additional
device will not improve the DPA bandwidth. For the maximum output power, n must
be as large as possible without degrading the minimum acceptable amplifier

gainxbandwidth product (Hartnagel, 1989).

Above all the limitations encouraged the researchers to look for suitable solutions to
improve performance of the classical DPA. Consequently, there are many different

sub-topologies of DPAs proposed in the literature.

To get rid of the wasted half power problem at the drain-line side, people use the
drain impedance tapering technique (Shastry and lbrahim, 2006; Narendra et al,
2008; Campbell et al, 2009; Sewiolo et al, 2009). In theory, DPAs using tapered
impedance drain-lines can provide efficiencies up to the class-A limit of 50%, by

eliminating the reverse termination as illustrated in the schematic in

Figure 3.12. In this technique, in order to achieve maximum power contribution from
each cell of a DPA, the cell outputs are sequentially connected to a transmission line
network that comprises of line segments having predefined characteristic impedance
which are not the same that in general changes from segment to segment, and is
therefore non-uniformly occurs among cells. By this way, we can rid of the
termination impedance at the drain-line and both output power and efficiency

theoretically doubled.
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Figure 3.12 : Schematic of tapered-line DPA.

However, because the decreasing nature of the impedance level, tapered drain-line
TWASs require high impedance transmission lines with limited current carrying

capability, and thus are hard to realize for high output powers in monolithic form.

Dual-fed DPAs are the variation of the conventional single-fed DPAs whereby the
input signal is fed to both ends of the input line using a hybrid, and signals appearing
at both ends of the output line are combined using another hybrid (Eccleston, 2000).
The dual-fed distributed amplification principle is an operation in which the bi-
directional nature of the distributed amplifier is used to enhance circuit performance
(Aitchison, 1989). There is no idle gate and drain line terminations in the dual-fed
DPAs, for this reason, dual-fed DPAs have demonstrated its gain and efficiency
advantages over the conventional DPA (Eccleston, 2005). However, wideband

hybrids are the main hard issue to overcome when designing dual-fed DPAs.

In the conventional case, a single transistor in the common-source/emitter
configuration is the common gain-cell for the DPA as given in Figure 3.13a. Other
gain cell structures are also possible to implement. A cascade of two common-
source/emitter stages and a cascode (common source-common gate) circuit have
been implemented by designers aiming higher gain and/or bandwidth for their DPASs
(Green et al, 2001; Liu et al, 2004; Arbabian and Niknejad, 2009; Sewiolo et al,
2009). A cascode gain-cell consists of a common source/emitter transistor followed
by a common-gate/base transistor shown in Figure 3.13b. It has higher output
impedance, where its output impedance increases by a factor of approximately
(1+gmRgs). The higher output impedance reduces the drain/collector line losses and
therefore the decreased drain/collector-line attenuation may allow for a better overall
match to the drain line or it may allow the designer to use more stages and increases
the number of sections which can be utilized (Shohat, 2005). In addition to these, a
higher breakdown voltage, a lower input impedance, and reduced Miller effect is also

the advantages of the cascode gain cells.
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The main drawback of the cascode cell is that; it may worsen the stability of the DPA
caused by resonances in the output-line of the amplifier, since the drain/collector-line
becomes much less lossy. The cascode structurre might be useful in technologies

where Rys is lower, such as in bipolar technology.

Another option for the gain-cell was using the cascaded gain cells instead of the
single transistor cell. It can boost the gain. However, the output impedance in the
cascade one is identical to that of the common-source/emitter one. The key design
step of the cascade gain-cells is the matching network between the two stages.
Without some sort of impedance matcher, the bandwidth of the cell is very low. For a
narrowband application, it would be possible to simply resonate out the Cgse) Of the
second transistor using a parallel inductor as indicated in the reactively matched PA

section. This solution is not sufficient for the bandwidth of DPAs, however.

Narendra et al. (2010) proposed a wideband PA topology based on a cascaded gain-
cell distributed approach that is featured by vectorially combined current sources.
Each section of the work was composed of two non-identical high-fr, cascaded to the
power transistor by means of an inter-stage tapered impedance. Three sections were
cascaded in their design. Using three cascaded-stages help to improve gain level up
to 37dB. Authors of the paper use load-pull technique to determine optimum load

impedance of the output power transistors.

Ly/2

TS ©)

Ly/2

Figure 3.13 : Basic gain-cells for DPA (a) conventional common-source
(b)Cascoded version

Moreover, their design makes use of tapered-line design approach to ensure there is
not any backward propagation from the each device and so that this makes the design

more difficult with the identical output power devices. As a result, it is not surprising
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to obtain PAE degradation as the frequency is increased. One another drawback of a
such non-terminated distributed approach is the lower impedance level at the output
which is needed to be transformed into the reference impedance level (i.e. 50Q) with
the use of wideband impedance transformer which is another design difficulty for

most cases (e.g. it is 12Q to 50Q transformer problem in the paper).

In conclusion, for the DPAs, there are many proposed and implemented DPAs to
improve conventional case. A summarizing table is given in Table 3.7 to compare

different DPA implementations.

3.3 Chapter Conclusions

In this section, in the first place, we introduced some of the silicon (SiGe HBT,
LDMOQOS) and 111-V compound based device technologies (GaAs, GaN (P)HEMT,
SiC MESFET), which have potentials for mid-to-high power and wide bandwidth
applications. Despite the fact that SiGe HBT is the most cost-effective solution, it
suffers from the low-to-mid output power and high-loss of Si-substrate (i.e. low-
efficiency) in the microwave frequencies, which complicates the MMIC based design
strategies in the wideband and high-power range. LDMOS is an alternating silicon
technology to improve the power density. Nevertheless, the problem now arises with

the low bandwidth of operation.

With the help of very high electron mobility and thanks to 2-DEG of (P)HEMT
technology; GaAs based devices work very well to design very wide bandwidth
amplifiers and low-loss substrate is a plus to design with MMIC design. However,
the power densities are limited since GaAs is unfortunately a narrow-gap device
related to other I11-V based device technologies and for that reason, the breakdown
voltage is insufficient to boost the power much more. In addition to these, its thermal
conductivity is almost the worst among the all other technologies. Of course, the cost
of the device fabrication and other production-based problems are still challenging.
Bandgap engineering helps to boost power densities with the help of wide band gap
GaN HEMT and SiC MESFET devices, which are feasible to fabricate on the high

thermal conductive substrates like SiC and Diamond.
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Table 3.7 : Some of the previously proposed distributed wideband PAs.

Reference Technology Implementation Die Szize BW BW Py Gain PAE
(Vendor) (mm°) (GH2) (%) (dBm) (dB) (%)
Thein et al, (2012) GaAs HBT MMIC 1.8 25-6 82 28.5 ~7 33-43
Narendra et al, (2012) GaN (Cree) Discrete - 0.04 -2 198 43 ~37 32 -56
Xu et al, (2011) GaAs HBT MMIC 1.0 1-12 169 14 8.1x0.5 <22
Sewiolo et al, (2009) 0.25um SiGe HBT IC Cascoded 1.16 DC-12 200 14 9+0.5 6.5-95
Ciccognani et al, (2009) 0.25um GaAs PHEMT  MMIC 5x4.5 2-8 120 <35 18+2 <27
Teiksiew et al, (2006) MOSFET Discrete - 0.1-0.6 143 30 =2 <26
Eccleston (2005) FET Discrete (Dual-fed) - 14-1.9 30 16-23 11+4 15-35
Zhao et al, (2003) GaAs PHEMT MMIC - 08-21 90 ~30 ~11 >37
Duperrier et al, (2001) 0.25um GaAs PHEMT  Hybrid LTTC - 4-19 130 ~30 ~7 <20
Green et al, (2001) GaN HEMT MMIC 25x14 DC-8 200 ~35.7 ~14 <23
Sayginer et al, (2011b) 0.35pm SiGe HBT IC 1.0x1.3 02-22 167 13-16 7.5%1 11-35
Sayginer et al, (2011b)  0.35pm SiGe HBT IC 1.8x23 02-22 167 17-20 2243 10 - 30
Sayginer et al, (2013) 0.25um GaAs PHEMT MMIC 13x29 1-8 156 25-28 -9 27 - 45
Sayginer et al, 0.25um GaAs PHEMT MMIC 3.4x14 15-9 143  28-29 1541  36-39

(Submittion)
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High electron transportation and high breakdown field in GaN devices compared to
other technologies, enables the realization of high voltage, high power and high
frequency transistors, which help to design efficient high-power and wideband
designs in the wide application range. The most challenging task for the wide band

gap devices is still the cost of fabrication and yield of the feasible devices.

To summarize and compare visually the device technologies, Figure 3.14 is given to

show the application based power-frequency usage map of the given technologies.

In the second place of the section, we have introduced the basic design topologies for

wideband PAs that are classified mainly into the four sub-categories, which are
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Figure 3.14 : A simplified and application based power-frequency map of different
device technologies.

Resistive/reactive feedback PAs, Reactively-matched PAs, Lossy-matched PAs and
Distributed PAs. From the design point of view, basic pros and cons of all classes are
summarized in which the DPAs have been focused more. Feedback PAs were shown
to realize a flat gain response and improved matching characteristics in a less
complex and stable circuitry. However, power performance and hence the PAE is to
degrade due to the resistive element used in the feedback path, which make the
feedback designs less preferable especially when designing high-power PA.

Reactively matched amplifiers are shown as the another option to design wideband
PAs. Due to the resonance behavior of this topology, wideband designs are getting
more complicated and analytical solutions for the nonlinear input and output

impedances are hard to realize. Moreover, the gain-bandwidth product of reactively

74



matched amplifiers is limited by the shunt capacitance of the active device. This
limitation can be overcome with distributed amplifier topology.

As it was depicted that, the DPA is one of the most suitable and preferred circuit
implementation to obtain wideband power amplifier. There are many different types
of DPA topologies, proposed in the literature. The most fundamental drawback of
DPA:s is the low-efficiency problem. A typical frequency response of the distributed
amplifier with respect to the lumped (e.g. the amplifier topologies which are not used
the distributed concept) and tuned amplifier is given in Figure 3.15. As it can be
observed in the figure, the advantage of using distributed concept is the available in
the frequency band which is more than the lumped concept and it is possible to
operate up to maximum oscillation frequency where the lumped configurations can

only gain up to transient frequency of the given device.

Transistor short-

circuit current gain Transistor maximum

available power gain

N

\
Lumped

amplifier /\ A

Distributed
amplifier

Power Gain (dB)

Tuned
amplifier

igFrequgpcy

1:T fmax

Figure 3.15 : Typical frequency response of distributed amplifier with respect to
the Lumped and tuned amplifiers.
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4. DESIGN OF SINGLE TRANSISTOR AND CASCADED TWPAs

The aim of this chapter is to propose some of the design techniques and systematics
to implement wideband PAs with using simple design topologies based on the DPA.
In the first phase of the chapter, SiGe HBT technology is used to design and realize
wideband PAs in the single transistor and cascaded-paralleled case. In the second
phase, GaAs PHEMT technology will be the base of the two proposed designs,
which are employing a graphical load-pull technique and a systematic design

approach.

4.1 Aim of the Designs and Planned Contributions

From now on, we will try to enhance the topological simplicity of the wideband PAs
where the core circuitry is the single transistor DPA topology, which has the
efficiency advantage over the multi-transistors case. A relatively low output power
due to the reduced number of transistor could be doubled by removing the output-
line terminating impedance/resistance. PA bandwidth could be widened with the help
of series-series feedback and gain flatness could be improved with the help of lossy
input ATL. Besides that, power combining with using parallel design cores will be
also shown to be useful for preserving the bandwidth. Moreover, a new technique to
relax matching problem will be presented, which uses a graphical design approach to
guarantee a selected level of power would be delivered. In addition to these
contributions, a systematic design for the cascaded version of single transistor core

will be presented, which proposes a simple and straightforward design flow.

4.2 Load-line Design of SSTWPA and CSSTWPA using 0.35um SiGe HBT

As it was noticed before that, wideband power amplifiers are typically implemented
with using the travelling wave concept where the inherent input and output parasitic
capacitances of the transistor forms ATL together with the external inductive

structures. The cut-off frequency of a TWPA circuit is determined by the cut-off
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frequency of the ATLs. From the ATL design point of view, three types of ATL sub-
sections can be defined which are namely: L-type, T-type and m-type shown in
Figure 4.1. As frequency approaches the cut-off frequency (f;) of an artificial-line,
the characteristic impedance of T-type section decreases, where m-type-section
characteristic impedance increases. Since the line termination is required to avoid
any reflection, typical ATLs obtained in TWPAs are employed using T-type
topology where the termination impedance could be attached easily without

disturbing the matching condition at the termination node.

j"“‘“ WC,;TW"T

(a) (b) ]T: ]T:

Figure 4.1 : Artificial transmission-line sub-sections: (a) L-type (b) T-type (¢) n-
type
However, for the circuit analysis purpose, the n-type approach is more convenient
and necessary due to the capacitive behavior of the input and output terminals of the
active device. ATL sub-sections given in Figure 4.1 behave like low-pass filter and
corresponding Z, characteristic impedance and the f. cut-off frequency for a limited

number of cascaded sections could be given in (4.1) and (4.2) respectively.

L
Zo=,|= 4.1
o=y (4.)
fo=— 4.2
s 2

A simplified ac equivalent circuit model representing the SiGe HBT transistor,

shown in Figure 4.2, is preferred for the basic small-signal analysis of TWPA.

b OmVbe c

TSR

el

Figure 4.2 : Simplified small-signal SiGe HBT active device model.
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This model includes input (C;) and output (C,) parasitic capacitances, input shunt
resistance (r;) and output resistance (r,). In the classical design approach, both the
capacitances form ATLs with the externally attached inductive components. The
magnitude of the active device’s intrinsic resistive element has a significant effect on
the performance of the ATLs. Although this simplified model cannot predict the
device behavior completely, it provides an understanding of the amplifiers behavior

and operation.

A single transistor case of the TWPA, which is referred to as single-stage travelling
wave power amplifier (SSTWPA) is shown conceptually in Figure 4.3 where it uses
SiGe HBT as the active device. SSTWPA consists of an input and output ATL
constituted from transistor’s input/output capacitance. Although the TWPA concept
uses multiple devices together, a single transistor case with using terminated input
and output ATLs still differ the SSTWPA from a regular wideband PA by definition.

An input signal propagates through the input ATL and stimulates active device.
Output signal of the stimulated active device is divided into two and one goes to

output and the other goes to the termination impedance Z+ .

The magnitude of the low-frequency gain for the SSTWPA can be calculated from

the small-signal representation as,

|A)|=gm(%//roj (4.3)

Coming from this basic information and using the base-topology of the SSTWPA,
we can improve the performance of the structure with making some modification on
the circuit.

Ly/2 L,/2 Output

Figure 4.3 : Basic SSTWPA topology.
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With using a lossy-ATL at the input would improve the amplifier’s operational
bandwidth, gain-flatness and matching performance (Virdee et al, 2007). Wider
bandwidth can be realized by lowering the transistor’s input capacitance C; as it was
in (4.2). The magnitude of C; can be reduced by using an emitter degeneration
resistor (i.e. series-series feedback) at the emitter terminal of the transistor (Yazgi et
al, 2010). This effectively reduces the transistor’s input capacitance due to the Miller
Effect. Although this modification sacrifices the amplifier’s gain performance,
however it enhances the bandwidth. Additionally, extra line sections in the input of

an SSTWPA can improve gain-frequency behavior.

The main obstacles in the design of silicon-based DAs are the low quality factors of
on-chip spiral inductors and transmission lines which reduces gain and efficiency
(Lee et al, 2003). Hereby, SSTWPA output network was designed for optimum
power matching which entailed removing the output ATL termination impedance
(Sayginer et al, 2011). Although this modification reduces the output reflection
performance, it improves the amplifier’s output power and power-added efficiency
performance significantly. Thus, power gain, output power and power-added
efficiency performances is doubled. Hence, it can be deduced that the modified
SSTWPA circuit is a convenient structure for power applications. The circuit
schematic of the modified SSTWPA, excluding the dc biasing and emitter

degeneration resistor, is shown in Figure 4.4.

Although the output matching performance (usually characterized by S»,) is expected
to deteriorate after this modification, this negative effect may be minimized by

keeping the value of the load impedance close to 50Q2.

At the input ATL, design equation for the line-capacitance, C is,

C=C, (4.4)
Cin | output
o —>
input
5 L2 - N I

Figure 4.4 : Modifiea SSTWPA schematic.
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while the line-inductance is calculated to provide characteristic impedance value of
Zo,

L= Zécin (4.5)

Inductance value at the output is determined by optimum load line of the active

device (Zopt) and can be given by
Lo = Zcfptco (46)

In this equation, Zo is obtained from maximum voltage and current swings. If Zop iS
not equal 5002, a wideband impedance matching structure or a transformer at the
output of the circuit may increase the power performance. The expressions given so
far can be used in the first design step. After the basic design is completed, CAD
tools and optimization steps can provide some improvements on the circuit

performance.

4.2.1 Realization of SiGe SSTWPA

An SSTWPA circuit is designed according to the previous discussion. The aim of the
design is to maximize power performance over the amplifiers widest possible
operating frequency bandwidth. AMS 0.35um SiGe HBT technology is used to
design and realize the PA circuit. An NPN type transistor, NPN245h5, was used
because of its full compatibility with CMOS technology and complex high-speed

system-level integration as well for its high operational frequency.

The first step of the design process involves determining suitable transistor
dimensions and the bias point. Thus, a transistor employing process maximum 96um
emitter-length was determined as the best choice for power output. For this device,

Ic=34mA and Vce=3.3V were obtained as the optimum bias point.

In the second step, the chosen transistor was investigated for its suitability for
SSTWPA application. Its input and output parasitic capacitances, input resistance,
output resistance and gain variations were studied. It was observed that the
bandwidth performance of the chosen dimension was limited to around 1GHz due to
its high input capacitance which was around 5pF. To tackle this problem, an emitter

degeneration resistor (Re=7Q) was employed. In this way, owing to the Miller effect,
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the value of the equivalent input capacitance decreased to around 1.2pF. Although
this modification resulted in the sacrificing the amplifier’s gain performance, it

realized a wider bandwidth.

At the output, for a maximum voltage swing of 1.8V which is extracted from the
output dc characterizing, the optimum load line is obtained to be approximately 50€2.
With the output C, capacitance of around 0.5pF, using the equation (4.6), we can
find the output inductance as 1.25nH.

The SSTWPA was designed based on the expressions given above. Unfortunately,
the design resulted in Sy, exceeding above 0dB in a small region of the frequency
response. This meant that the circuit designed to have an input line with
characteristic impedance of 50Q2 was unstable. This problem was resolved by
decreasing the characteristic impedance of the input line. However, this was at the
expense of the input mismatch, which was around 30Q. For the input line
inductance, L; can be calculated using equation (4.1) as 1.1nH. Predetermined values
of the circuit elements are given in Table 4.1. After determining the values of the
elements, the performance of the circuit was optimized using Cadence Design

Environment and the SSTWPA chip layout is shown in Figure 4.5.

Table 4.1 : Element values of SSTWPA shown in Figure 4.4.

Element Value

L; 1.1nH

C 1.2pF
R 5Q
Ztp 30Q
Re 7Q

L, 1.25nH

O nuN
Output
G-S-G

Figure 4.5 : Layout of the SSDA circuit.
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4.2.2 Measurement Results for SiGe SSTWPA

The SSTWPA topology was realized with AMS 0.35um SiGe HBT process.
Fabricated chip die photo is given in Figure 4.6. Bare die size is 1.3x1mm?. The dc
biasing circuits are off the chip components and their parasitic effects are included in
the simulations. Bare die chip was attached into an open-pack QFN16 package which
is mounted on a FR4 PCB test board given in Figure 4.7. Ground-Signal-Ground
(GSG) type probes and probe station were used to measure the input and output
signals directly from the die chip. The SSTWPA was operated in class-A with a bias
voltage of 3.3V and the collector dc current of 34mA.

Figure 4.6 : Die chip photograph of the SSTWPA (1.3x1mm?).

The simulated and measured small-signal s-parameters and group delay performance
of the SSTWPA circuit are given in Figure 4.8 and Figure 4.9, respectively. The
results confirm that the input ATL improves S;; performance within the desired
frequency bandwidth. The average gain of the circuit was around 7dB and drops
under 5dB beyond the 2.5GHz band. As expected from the conceptual point of view
that Sy, performance is sacrificed to improve output power performance of the

QFN16 package (SSTWPA)

RF Chokes N
Biasing

trimming

Figure 4.7 : Test fixture for theSSTWPA.
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amplifier. It is not in the figures but s;, performance is also good and the the
magnitude is under -45dB inside the band. Measured group delay performance is also
agree with the simulations.

Over the same frequency span, the output 1dB compression point power level (Poigs)
and power-added efficiency (PAE) are shown in Figure 4.10 and Figure 4.11,
respectively for both the simulation and measurements.

10 —

-10 4

[S21], 1S11], |S22| in dB
[é)]
|

Single-Stage TWPA
S21, S11, S22 simulations
(G—E—0©) S21 measurement
1 A—-A—~A S11 measurement
-20 4 [3—B—F] S22 measurement

T T T T T T 1
0 0.5 1 1.5 2 25 3 35

Frequency, GHz
Figure 4.8 : Simulated and measured small-signal s-parameters of the SSTWPA.
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o 04—
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e .
O 024
0 | | | | | |

0 0.5 1 1.5 2 2.5 3

Frequency, GHz
Figure 4.9 : Group delay performance of the SSTWPA.

Output power of >13.5dBm was obtained in the desired frequency band of 0.2-2.2
GHz, and PAE decreases with increasing frequency, where it is around 30% at the
lower end of the frequency band and drops to a level of ~10% around 2.5GHz. This
is caused mostly by the relatively high loss of the silicon substrate, which reduces the
power and efficiency performance of the PA circuit used for wideband operation.

The transistor was operated in class-A with a bias voltage of 3.3V and amplifier
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absorbed a current of 34mA. The results confirm the input ATL improved Si;
performance within the desired frequency bandwidth. The average gain of the circuit
was around 7dB and drops under 5dB beyond the 2.5GHz band. As expected from
the conceptual point of view, Sy, performance is sacrificed to improve output power

performance of the amplifier.

16 —

14 -

dBm

12 4

Single Stage TWPA

POUT-1dB’

10 - Simulation
G—e—e Measurement
8 [ [ [ [ [ 1
0.5 1 1.5 2 2.5 3

Frequency, GHz
Figure 4.10 : Power performance of the SSTWPA.

Single Stage TWPA
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%

PAE,

0.5 1 1.5 2 25 3

Frequency, GHz
Figure 4.11 : Efficiency performance of the SSTWPA.

4.2.3 Cascading and paralleling SSTWPA cells for power doubling: CSSTWPA

To further increase the small-signal gain and the output power of the single-stage
TWPA design, a unique topology is proposed as shown in Figure 4.12, which will be
referred to as cascaded single-stage TWPA (CSSTWPA) (Sayginer et al, 2011b).
This amplifier comprises of an input single-stage TWPA feeding two identical
single-stage TWPAs in a parallel configuration whose outputs are combined
together. This topology not only improves the gain but also doubles the output

power. In the design, T, serves as the driver for the next stage by providing sufficient
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power to the input of the output transistor T, and T3 so that they operate up to their

saturation power levels.

In a single-stage design, it is possible to double output power by using larger
transistor size or directly paralleling the transistors. However, this increases the
transistor’s input and output capacitances, which diminishes the ATL cut-off

frequency and hence the operational bandwidth.

Lot

input
L L T
=70 T,

Cit
R zn

Figure 4.12 : Structure of the cascaded single-stage travelling wave power
amplifier (CSSTWPA).

In the cascaded design depicted here, the overall bandwidth of the circuit is
maintained as the SSTWPA shown in Figure 4.4 with the advantage of output power
doubling which is equal to a 3dB improvement. It was found that the inner stage
ATLs have no significant effect on the bandwidth performance of the TWPA.

From the topology given in Figure 4.12, at the input ATL, design equation for the

line-capacitance, Cii;
Cil = Cinl (47)

could be selected. Line-inductance could be selected by providing a proper
characteristic impedance of the input ATL which is also equal to termination

impedance, Zt;.

Lil = ZTzlcinl (4-8)
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Inductance value at the output of the driver stage is determined by optimum load line

of the active device (Zox1) and can be given by
Lol = Zsptlcol (49)

Since the first stage is driving the parallel two output stages, the input ATL of the
both output stage should have the characteristic impedance of 2Zq, so that the
parallel equivalent will have the same impedance level with the driver stage output

impedance. Then the L;, of the output stage is equal to,
Li2 = 4Zozptlcin2 (4.10)

At the output, Lo, is calculated in a similar way with the (4.9). Loz and Co3 simply
used to matching purpose for the combined power at the output. Design values of the
elements used in the implementation is given in Table 4.2. Figure 4.13 shows the
implemented circuit layout of the CSSTWPA circuit drawn in Cadence Design

Environment.

Table 4.2 : Element values of CSSTWPA circuit in Figure 4.12.

Element Value
Lis 1.1nH
Cil 12pF
Ri1 5Q
Z11 30Q
Re 7Q
Loz 1.25nH
Li, 12nH
Ci2 12pF
Ri> 5Q
Z1s 98Q
Loy 1.25nH
Coz OSpF
Loz 0.9nH
Coz 0.35pF
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ndino

input

Figure 4.13 : Layout of the CSSTWPA circuit.
4.2.4 Measurement results for SiGe CSSTWPA

For the CSSTWPA circuit the s-parameter results are given in Figure 4.14. The
driver and the output parallel structure comprising of single-stage amplifiers using
identical transistors. In comparison to SSTWPA, small-signal gain |S,4| is boosted to
an average level of 22dB in the frequency band between 0.2 — 2.2GHz. Sy; is almost
<-10dB.

By using a matching network at the output, an effective load-line of 25Q is matched
to 50Q. As a result, Sy, performance is enhanced to be around -10dB. Group delay
measurements also agree very well with the simulation results given in Figure 4.15.

The average group delay is 0.6ns in the desired bandwidth.

As expected the Pqigg is approximately 3dB higher than that of SSTWPA and the
power level drops from 20dBm to 17dBm across the operation bandwidth from 0.2—
2.2GHz, as seen in Figure 4.16. The CSSTWPA’s PAE over this frequency range
drops from 30% to 10%, as shown in Figure 4.17.

The high frequency discrepancy between simulations and the measurements of the
PAE and P4 Of the CSSTWPA is thought to be the substrate loss of output power
combining stage.
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Figure 4.14 : Simulated and measured small-signal S-parameters of the
CSSTWPA.
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Figure 4.15 : Group delay performance of the CSSTWPA.

Overall dc power consumption for the CSSTWPA is around 330mW. As the above
results indicate, no unstable operation is observed across the frequency band over
which the measurements were performed. Sensitivity analyses were also performed
during the design process to ensure reasonable flat gain response in the desired
frequency band.

20
&
Q 16+
3 4
'é' 12 Cascaded TWPA
o Simulation
1 o—e—eMeasurement
8 [ [ [ [ [ 1
0.5 1 1.5 2 2.5 3

Frequency, GHz
Figure 4.16 : Power performance of the CSSTWPA.
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Figure 4.17 : Efficiency performance of the CSSTWPA.

CSSTWPA die chip photograph are shown in Figure 4.18. Only dc pads are bonded
to outside open-pak QFN28 package, and modeled GSG RF probe pads are depicted
at the input and output ports of the PA.

[ W/

i/
AR5

= |

Figure 4.18 : Die chip photograph of the CSSTWPA (1.8x2.3mm?).

CSSTWPA have the chip dimensions of 1.8x2.3mm?. To reduce the feedback effect
of ground bonding wire inductive effect, multi-pad ground bonding wires are used.
The chip is attached in an open-pack QFN package and all the RF signals left inside
the chip while dc supplies are fed with the help of a test board designed for all the
testing and measurement purposed. Test board could be inspected in Figure 4.19.

Al H_:H7 Current
Biasing \
P Ty =1 Measuring
& — |

Trimr’gers [

Biasing
Connections
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Figure 4.19 : CSSTWPA test board design.
4.3 Load-Pull Based Designs for Single Transistor and Cascaded TWPAs

In this sub-section, two different wideband PA operating in Class-A/AB are
presented with using 0.25um GaAs PHEMT MMIC technology from United
Monolithic Semiconductor (UMS). One of the PA is a single transistor in which,
capacitive coupling and frequency dependent lossy artificial-line are employed at the
input of the active device. The proposed technique significantly enhances the
amplifier’s gain-bandwidth product, input match and gain flatness performance. To
ensure the amplifier delivers a predefined power to the load over its entire operating
band 2-to-8 GHz a broadband load-pull technique was applied at the output of the
amplifier. To avoid reduction in the amplifier’s bandwidth resulting from parasitic
capacitive effects associated with the off-chip choke inductor, a wideband RF choke
was also designed.

The second wideband PA is based on a systematic design approach. The overall
amplifier structure comprises of two transistors in the cascaded topology. In the
design, the first transistor is employed as a driver while the second is as a power
transistor. The concept of the artificial transmission-line and capacitive coupling
technique and wideband load-pull are employed in the cascade design in order to

improve broadband amplification performance up to a decade bandwidth.

4.3.1 Wideband-matching with the help of load-pull design technique

Before starting the PA designs, it will be useful to review on the load-pull
characterizing and matching of the wideband PAs. Extracting the source/load-pull
characteristics of a device in the wideband and then applying matching networks
both at the source and load side is the simple idea for the wideband design of PAs
using source/load-pull techniques. As it was dedicted in the section: limitation on
wideband matching, the main problem when designing such wideband-matching
networks arises as the impedance-tracking problem of the matching network, which
is ideally, must keep the track of source/load-pull impedance when the frequency is
increased. Because of the power performance of the device depends on the nonlinear
characteristics of the device, it is always hard to obtain convenient optimum load

impedances for the given wide frequency range of operation. However simple
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inspections can make simple predictions on the behavior of the device under test that
the frequency response of the optimum output impedance generally rotates counter-
clockwise direction on the smith-chart while the corresponding matching networks

simply rotate clockwise direction in generally (Sechi and Bujatti, 2009).

Figure 4.20 shows a representation for a typical wideband load-pull characteristic of
optimum load impedance, Z and corresponding wideband-matching network
impedance, Zu. As seen from the figure, there exist only two exact matching

impedance points in the entire band of f, to fy.

Figure 4.20 : Typical wideband load-pull characteristic of Zqyand Z.
4.3.2 Design of single-transistor TWPA using 0.25um GaAs PHEMT

An improved version of SSTWPA design, that employs capacitive coupling and
frequency dependent lossy artificial transmission-line at the input of the GaAs
PHEMT was presented (Sayginer et al, 2013). A broadband load-pull technique is
applied at the device’s output to ensure the amplifier delivers predefined power to the
load over the desired wideband operating range. The design procedure presented here
is relatively simple to implement to realize amplifiers for wideband applications
using just a single active device. The technique described improves the efficiency of
the amplifier compared to conventional multistage and cascaded amplifier structures.
Furthermore, the design time and overall fabrication cost are significantly reduced. A
general and simplified topology of the SSTWPA circuit was depicted in Figure 4.3
which is also used as a base topology for the corresponding design given in Figure
4.21. Input signal propagates along the input ATL and stimulates the active device

gate terminal. Zy is the termination impedance of the input-line. The amplified signal
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at the drain terminal propagated over the output ATL formed by the output
capacitance of the FET device and the series output inductance, L.

T-section T-section 7 -section
>< : output
= ' L —
——

MRS L2 L2 L2

I
el il T
C‘I L2 i

Zrg

Figure 4.21 : GaAs-PHEMT SSTWPA topology.

The simplified small-signal equivalent device model given in Figure 2.5b was used
for the small-signal analysis of the PA. The input ATL in a TWPA is designed using
T-type sections, which is terminated with impedance Zt 4. Capacitance Cj,, in Figure
4.21, is absorbed into the line and forms T-type sections with the external inductance
Li/2. Since ATL consists of replicated T- or n-type sections, the capacitance C; is

given by
C =C, (4.11)

Frequency response of the terminated ATL shows a low-pass filter behavior. For a
lossless scenario the characteristic impedance and cut-off frequency of the input line

are given as in in (4.1) and (4.2) respectively.

The gain-frequency performance of the amplifier can be improved with using
frequency dependent lossy ATL sections at the input of the amplifier, which was
used in the previous sections. As it was indicated, employing such lossy sections
improves the input match and gain flatness, as well as ensuring stability of the
amplifier by lowering the Q-factor of the line. Thus, this technique prevents
resonance condition to initiate, which would otherwise force the amplifier to become

unstable and oscillate.

In addition to this, a coupling capacitance C. could also be added in series with the
input gate terminal. This modification helps to increase the bandwidth of the
amplifier by decreasing the effective capacitance of the input line (Ayasli et al,

1984b). However, the capacitive coupling technique reduces the amplifier’s gain as
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the voltage at the gate terminal is divided between the C.and the Cj, as represented in
Figure 4.22.

Vin Cc

o_l —

Figure 4.22 : A small-signal representation for capacitive division at the input.

By taking oCgsli<<1, we can write the equivalent input capacitance, Cincap and the

voltage over the gate-source terminal, vgs as below,

C,C

Cin,ca = o (412)
P C, +C,

V.= C, \Y;
gs in
Cy +Ce

(4.13)

By using the aforementioned technique and assuming the input-line to be lossless for
simplicity, the expression for the line elements C;, L; and the loss element R; are

given by
C.C
C_ — In—c
i —Cm +C, (4.14)
L= Z(iinCi (4.15)
R=r, (4.16)

The value of the inductance at the input line is calculated to provide characteristic
impedance of Zg,. Resistance R; is taken equal to the input r;, of the given device.
The small-signal gain for the modified SSTWPA is given by

C
A ;(c e ]ngL,om (4.17)

where Z o is the optimum load impedance at the output. The above equations were
used to design the input line of the SSTWPA. It should be noted that the circuit

obtained may not provide the optimum performance because of the unaccounted

94



inherent parasitic effects. It is necessary to instigate optimization steps in order to
improve the gain flatness performance of the SSTWPA in the desired frequency band

of operation.

4.3.2.1 A Wideband-matching technique for optimum load contours

The most critical design issue of the SSTWPA is the determination of the output-line
elements to obtain wideband matching. In the conventional SSTWPA design, an
active device load-line characteristic determines the output inductance L, (Yazgi et
al, 2010). It’s important to obtain the device’s ip-Vps characteristics and determine
the load-line to find the optimum output impedance (Cripps, 2006). Load-pull
characterization across the amplifiers operation band is necessary to design the
output stage. Load-pull characterization is followed by properly designing the
matching circuitry at the output to track optimum impedances across the desired
frequencies. However, the matching circuit design will be approximate as the
optimum load impedance will not be unique as it changes with frequency. Load-pull
characterization was done using the device’s nonlinear model provided by the
vendor. A load-pull set up is used to simulate and collect load-pull data shown in
Figure 4.23 where the dc bias is fixed. The RFCs provide necessary isolation of the
signal while biasing the active device. In addition, once the available input power
and input reflection are known, the output power, transducer gain and power gain can

be simulated or measured with any combination of load impedance.

VDD
-
50 Ce DUT irz,om
Pfé RFC = -

= VG

Figure 4.23 : Simulation set-up for load-pull characterization.

In the SSTWPA structure, output inductance value was determined by using
wideband load-pull analysis instead of using load-line at the output. The SSTWPA

output design equation could be approximated as
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ZL,opt ~ \] Lo/Cout (418)

where the Z_ o is the frequency dependent optimum output impedance seen from the
device output. Since the optimum load values vary with frequency, it is impossible to
track frequency depended optimum load impedances perfectly. That is to say a
simple and accurate way of determining output L, inductance is needed. Hence we
have used an impedance tracking concept based on a graphical representation of the
given load impedances. According to the technique, the process starts with collecting
the optimum impedances for a predefined power level, which is less than the
maximum one in the desired frequency band. As a result, optimum impedance points
for the given power level constitute a closed-contour on the Smith-chart instead of a
single impedance point corresponding to a maximum obtainable power at the output
for a given specific frequency. The impedance is selected from inside the load

contour to ensure predefined power is delivered to the load (Sayginer et al, 2011).

Figure 4.24 shows the representation of the power contours for the device under test.
Given impedance data is gathered for different frequencies in the entire band where
the reference power level is taken equal to 0.5W. It is noticeable that the optimum
load contours rotates counter-clockwise direction on the Smith-chart with the
increasing frequency and this fact is challenging when designing proper wideband-
matching network since the tracking nature of the impedance matching networks are

known to be rotating to clockwise direction when the frequency is increased.

0.5W output
Load-Pull Contours

Figure 4.24 : Load-pull power contours of 0.5 W for DUT simulated across 1 to
10GHz.
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4.3.2.2 Realization of GaAs PHEMT SSTWPA

The proposed SSTWPA circuit was designed according to the previous discussion.
The main objective was to maximize the amplifier’s power and efficiency
performance over the widest possible frequency band. Overall circuit implemented is

shown in Figure 4.25.

Design process starts with determining the transistor dimensions and choosing the
convenient bias point. A single transistor having maximum channel width of 125um
and 12 fingers geometry was selected. Device was biased at 15=140mA and Vps=8V,

which is the optimum bias condition for class-A/AB operation.

Figure 4.25 : Pro-posed SSTWPA circuit.

In the second step, the chosen transistor was investigated for its suitability for
SSTWPA application. This involved studying the effects of its input/output parasitic
capacitances, input resistance, output resistance and gain variations as a function of
frequency. Simulated small-signal s-parameters for the device is given in Figure

4.26.
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Figure 4.26 : Small-signal s-parameters of a 12x125um GaAs PHEMT device
biased at Ipb=140mA and Vps=8V.

The amplifier has an input characteristic impedance of 50Q. A simple inspection
according to the equation (4.1) and (4.2) can state that the bandwidth performance of
the chosen transistor is limited to 2GHz due to its high input capacitance (Cj,) of
3pF. To improve the bandwidth performance, capacitive coupling is employed at the
input gate terminal of the device. In this way the equivalent input capacitance of the
transistor is reduced to around 1 pF when an optimized value of C.=2.1pF is used.lt
was found from simulation investigation that the input line has the best performance
when Z0;=40 Q. Input line employs a lossy section to make use of lossy-line

properties.

The magnitude of R; is taken to be around 3Q according to (4.16). Although these
modifications sacrifice the amplifier’s gain performance, it enables the realization of
a much wider bandwidth from 1-to-8 GHz. The output-matching network comprising
of the single inductive element (L,) was determined using the load-pull technique. A
non-dominant shunt capacitance C, was used to optimize the amplifier’s power
performance. Impedance tracking performance shown in Figure 4.27 was used to
determine the inductance L, for the best matching condition. To achieve this, L, was
found to be 0.57nH.

According to the tracking profile, there still exist some impedance values outside the
predefined 0.5W contours. These small mismatching conditions will possibly causes
small degradations on the power performance of the SSTWPA. Predetermined values
of the circuit elements are given in Table 4.3.
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Figure 4.27 : Single inductance solution to the given matching problem.

Table 4.3 : Element values of SSTWPA circuit in Figure 4.12.

Element Value
L; 1.6nH
Ci 1pF
C. 2.1pF
R 3Q
Zr 40Q
L, 0.57nH
Co 0.2pF
Cs 8pF

An on chip inductive microstrip transmission-line was constructed to provide
wideband RF choke for biasing purpose at the drain terminal of the active device, as
shown in Figure 4.28. The RF choke line is based on a transmission-line shorted at
one side, which is shown to behave like an inductance. By definition, any
transmission line terminated with any arbitrary Z, impedance at one end has the

input impedance defined by

_7 Z +jZ,tan(pd)

Z =
mit 707+ jZ, tan(pd)

(4.19)

where Z, is the characteristic impedance of the line, p and d are the phase constant
and the length of the line, respectively. By short circuiting one end of the line (Zo= 0)

one obtains an inductive impedance given by

Zint = iZ,tan(pd) (4.20)
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Figure 4.28 : Microstrip-line based RF choke structure.

This line was used as an RF choke by ensuring the magnitude of the frequency
dependent Zgtan(Bd) term is sufficiently high across the operating band of the
amplifier. Simulation setup for the proposed RF choke is shown in Figure 4.29.
Agilent’s Advanced Design System (ADS) Momentum simulation tool was used to
optimize the performance of the RF choke. The performance of the proposed RF
choke structure is given in Figure 4.29b. The given microstrip line structure performs
adequately well to stop RF signal leaking across the desired wideband while feeding
the active device with dc bias. Parasitic effect of the bond wire at the biasing end of
the RF choke is important as it can adversely affect the overall performance of the
RF choke. It was found the length of the bond wire should be as short as possible to
minimize resonance effects, which were observed around 8GHz as shown in Figure
4.29b. The finalized layout of the SSTWPA is shown in Figure 4.30.
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Figure 4.29 : (a) RF choke line simulation setup. (b) RF choke performance
including the parasitic inductance effect of the bond wire.
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Figure 4.30 : Layout of the proposed GaAs SSTWPA.

amplifier design to be stable across 1-to-10GHz.

GaAs
PHEMT

RFC Line

4.3.2.3 Measurement Results for GaAs PHEMT SSTWPA

xﬂ 3 ] \ B
5 _ - - \ _1
8 - -
L o | ! L
z |
= 05
81— d Stability Factor, K
47 — — Stability Measure, B T
/
0 — T T T T T | 0
0 2 4 6 10 12

Frequency, GHz

Figure 4.32 : Stability performance of the SSTWPA (K>1 and B>0).
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The proposed SSTWPA design was fabricated using UMS 0.25um GaAs PHEMT
MMIC process. The chip area is 1.31x2.93 mm? and die photograph is shown in
Figure 4.31. The bare die chip is attached to an external printed circuit board via
epoxy and using gold bond-wires. PCB is used for the dc bias supply. GSG type RF
probes with 150um pitch size are used with a manually controlled probe station. In
the case of class A/AB operation, Ip and Vps are set to 140mA and 8V, respectively.
Both stability factor (K>1) and stability measure (B>0), in Figure 4.32, show the
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As seen from Figure 4.33(a), the SSTWPA exhibits an average gain of 9 dB over 1-
to-8 GHz. Gain degradation around 7GHz is due to the bond-wire parasitic

inductance which appears at lower frequencies according to the simulation results.

On the other hand, output matching performance of the circuit is not as good as the
input match. Figure 4.33(c) shows sy, is around -5dB. In fact this is not surprising
since the output wideband-matching network is optimized to improve the power
performance, i.e. power matching via load-pull instead of a small-signal conjugate

matching.

As seen from Figure 4.33(d), measurement and simulation performances of the
reverse isolation of the amplifier give similar results (below -30dB). The group delay
performance of the SSTWPA, given in Figure 4.34, was measured using a vector
network analyser, and is in good agreement with the simulation results.
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Figure 4.33 : Simulated and measured small-signal S-parameters of the SSTWPA,
() Gain [sp1), (b) input reflection coefficient |s;1| (c) output reflection
coefficient |sy2|, and (d) reverse isolation |s;3).
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Figure 4.34 : Group delay performance of the SSTWPA.

Saturated output power (Psi) and 1dB compression point power (Poutigs) Were
measured in the operating band. The amplifier’s power-added efficiency (PAE)
performance was also measured. These results are shown in Figure 4.35. The average
values of Pgyt19 measured is around 26dBm, and the Pgy level is approximately 29
dBm across the operating band of the amplifier. PAE values are between 27-43% and
48-76% for Pouigs and Py, respectively. Mismatch between the simulation and
measurement results are attributed to the unpredictable effects of the parasitic

elements in the amplifier design.

In conclusion, the proposed structure demonstrated a technique to significantly
enhance the performance of a wideband travelling wave power amplifier, which uses
a single transistor operating in Class-A/AB. The single-stage travelling wave power
amplifier (SSTWPA) comprised of capacitive coupling and frequency dependent
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Figure 4.35 : (a) Saturated and 1 dB compression point power performance of the
SSTWPA, and (b) PAE performances for the SSTWPA.

lossy artificial transmission-line to enhance the amplifier’s frequency-bandwidth

product, input matching and gain flatness response.

A Dbroadband load-pull technique using a graphical design approach was used to
ensure a predefined power level is delivered to the load over the amplifier’s
operating bandwidth. The parasitic capacitance associated with the off-chip RF
choke degrades the bandwidth performance of the amplifier. To eradicate this
problem an integrated microstrip line is implemented at the drain node, which is used
as RF choke to operate over a wideband. The proposed SSTWPA was designed using
0.25um GaAs PHEMT process. The fabricated amplifier provides a gain of
approximately 8-10dB across 1-t0-8GHz. The Pgy and Poyt 148 OF the amplifier have
peak values of 1W (30dBm) and 0.6W (27.8dBm), and the corresponding PAE are
above 48% and 27%, respectively. The proposed SSTWPA design provides
wideband operation with gain flatness, optimized flat power performance and high
efficiency in the desired band. Moreover, the single transistor design is relatively
simple to implement, occupies less chip area and thus cost effective compared with
the multi-stage version of TWPAs.
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4.3.3 A systematic design of cascaded single-stage TWPA using 0.25um GaAs
PHEMTs

By cascading single-stage blocks, the gain could be boosted (Virdee et al, 2000;
Banyamin and Berwick, 2000a) and as a result, efficiency could be improved for the
same power level. Liang and Aitchison was compared the gain performance of a
cascaded single stage TWA with the CTWA (1995a). Banyamin and Berwick was
also analyzed the performance of a four-cascaded single-stage TWA (2000b).
According to their works, since there is no need to match internal stage of the
cascaded structure, overall gain can be boosted while conserving the bandwidth by
taking the proper internal impedance and using optimization techniques. Moreover,
Virdee presented a cascaded reactively terminated single-stage DA where the output
power and efficiency of the design were improved with using large-signal impedance
matching network (Virdee, 2001). In addition to these individual cascaded designs,
Deng et al made a study to compare performance metrics of the different cascaded
structures (2003).

Above the mentioned studies were generally concentrated on the design of cascaded
DAs without making clear referring and comparison to the single stage version.
Additionally, their design perspectives are focused mostly on gain-boosting of the
overall amplifier in a wideband. However, there are not enough and certain design
suggestions and straightforward systematic to improve the output power and the

efficiency performances besides the small-signal gain-boosting.

From this perspective, a simple and systematic approach to design and realize a
wideband power amplifier will be put forward in the cascaded topology. In this
study, a two-stage design is shown to be sufficient to obtain a decade bandwidth, flat
gain, high power and efficient with the reasonable chip size. In that case, the
structure would be called as double stage travelling wave power amplifier
(DSTWPA).

In the design of the proposed DSTWPA, we have gathered some of the previously
used techniques where; frequency dependent lossy artificial transmission-line is used
to improve input matching performance and capacitive coupling technique is applied
to widen bandwidth. In addition to this small-signal techniques, the broadband large-

signal load-pull approach used in the former section applied to determine ATL
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elements at the output side and consequently, high output power with an improved
efficiency is achieved.

Proposed DSTWPA s fabricated using 0.25um GaAs PHEMT MMIC process. The
measurement results of the fabricated DSTWPA circuit are shown to agree with the
theoretical and simulation results. The DSTWPA circuit performs high output power
and efficiency performance with the flat and reasonable small-signal-gain level. All
simulation and measurement results verify the effectiveness of the presented

systematic design approach.

In comparison to a previously proposed single-stage case, proposed DSTWPA shows
that the power performance could be increased and the efficiency could be boosted.
That is to say that, it is possible to obtain a simple and systematic way of designing
high performance cascaded wideband power amplifier with the presented

methodology.

4.3.3.1 Systematic design of DSTWPA

An equivalent and simplified high-frequency small-signal circuit model representing
the GaAs PHEMT transistor is shown again in Figure 4.36a. When the condition
w’Ci’ri<<1 is satisfied, it is possible to show that series of r; and C; could be
transformed into the parallel equivalent circuit as in Figure 4.36b where g; is now
frequency dependent and its value equals to ©?Ci’r;. In the design of DSTWPA, we
use the parallel equivalent model at the input of the transistor as long as the condition

for the series-to-parallel transformation exists for the device.

This simple model, however, cannot predict the device behavior completely (e.g.
large-signal behavior) but by investigating the variations of the parameters in the
model versus frequency, it is possible to predict the gain-frequency performance of
the DSTWPA.

g n , oy d
56 @ T (b)

Figure 4.36 : (a) Simplified high-frequency ac model of the GaAs PHEMT. (b)
Series-to-parallel transform to represent input of the transistor.
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A step-by-step design flow will be presented here to obtain a complete cascaded
amplifier. The design starts from the output stage with the help of load-pull analysis
to determine optimum load impedances as well as the biasing conditions for the
output power transistor. Afterwards, with using simple equations, both the inner
stage characteristics and the driver stage (i.e. first stage transistor) biasing point will
be determined. Finally, ATL inductor values will be determined according to the
input (Ci12) and output (Co;2) parasitic capacitances of the active devices since the

external inductive components form ATLs with the inherent parasitic capacitances.

4.3.3.2 Analysis and design of the output stage

In the first step, a large gate periphery output (power) transistor is examined using
load-pull simulations. The aim of the load-pull analysis is not only to find out
frequency dependent optimum load impedances (Z opt), but also to find an optimum
lower bound for the bias current (Ip,0pt) Of the given transistor. When the load is
taken as the optimum value for a given specific size of the device, this lower bound

current of Ip, simply states that;

1) With the increasing biasing (Ip2<lIpz,0pt), the level of 1dB compression power
(Po,148) at the output will also increase and then it becomes to saturate smoothly for
Ip2>Ipz,opt- FOT Ip2>>Ip2opt device starts to output nearly the same Po148.° Note that
the higher order nonlinearities and related metrics are not concerned in this wideband

design.

2) Additionally, when the current is choosen as Ipz,opt, COrresponding PAE would be
expected higher than any Ip2>> Ipy ope CONdition since the bias current at that point is

optimized to a lower boundary and still having the same P 14z.

After Ip; is determined (i.e. Ipyopt), the transconductance of the device (Gm2) can be

simplified as,

G, =Ky, (4.21)

¢ Reader should not confuse the “saturated P, 145” and general “power saturation” terminologies. When saying
saturated P, 145 here, we mean that the level of P, 145 Starts to increase lower and lower with the increasing bias
current. On the other hand, a well-known phenomenon, namely: “power saturation” is related to the compression
of the output power beyond the 1dB compression with the increasing input power. In most cases, the reference
compression level for saturation is taken as 3dB (i.e. one-half the power).
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where the device is assumed to have quadratic i-v relation for simplicity and the
parameter K, could be thought as the gain factor for the device. Now, we can write

the magnitude of voltage gain for the output stage as,

|A\/2| = sz |ZL,opt (422)

Since Z, oy is frequency dependent, a wideband-matching network is essential at the
output to match optimum load impedance into the standard 50Q load. To prevent
device from nonlinear operation (i.e. saturation), input gate voltage should be in the
range, which guarantees to operate in the linear region. By referring the sinusoidal
excitations, power delivered to the optimum-load can be written as,

VZ

02,max

2\2

P02,1dB ~

(4.23)

L,opt

where Vg2 max 1S the maximum voltage amplitude at the device output when 1dB
power compression occurs. By using the gain relation in (4.22), maximum voltage
amplitude (Vizmax) at the device input can also be derived easily as in (4.24) and this

voltage definition will be used in the next design step.

2P02,1dB
K, lp, |2

L,opt

(4.24)

i2,max —

4.3.3.3 Analysis and design of the inner and input stage

Equation (4.24) states that for a proper non-saturated operation, there should be a
limit for the level of the voltage at the input of the power device and this limitation
can be determined by the power device parameter such as optimum load and biasing
current characteristics. After the upper bound value of Vi, is determined, the next
step of the design is to find another relation for Vi, using the inner and the driver
stage parameters. Figure 4.37 gives a representation of two-stage cascade amplifier
to clarify given design step description.

Since the overall design is a two-stage cascaded amplifier and the output is driven by
the driver stage, we can conclude that Vi, is a function of both the driver stage

current (Ip1) and the inner stage impedance level (Zo iny).
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Ip2 Voo, Zoout Pout
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Figure 4.37 : Simplified two-stage design to determine design equations.

By using these definitions, we can get another design relation at first glance which

gives a boundary condition determined for a non-saturated operation at the output:

V'2,max 2 |Zo,int

I (4.25)

By combining equation (4.24) and (4.25), we can complete the equation set for the
stages, which gives the required conditions for the linear operation. Hence, the

boundary condition for Ip; is found as,

1 2 Po,ldB

|
|Zo,int Kaloo |Z

(4.26)

D1 —

L,opt

Io1 boundary condition in (4.26) explains that if the driver device is biased at the
upper bound current level, the output device could obtain maximum non-saturated
Po 14s at the output. As the value of |Zo in is needed to be defined, small-signal input
capacitance value (Cj,) is required. More details on this procedure are given in the
following step 3. To determine the non-saturated operation condition for the input,
similar analyses can also be used at the driver side. With using the equation (4.21)
and (4.22), it is obvious that the input voltage of the driver device has to have the

following condition to operate in the non-saturated region.

(4.27)

4.3.3.4 Design of input, inner and output ATLs

As the third step, after determining the simplified design equations for the simplified
large-signal behavior and selecting the proper biasing conditions for input and output

stages, we can continue to analyze and design ATLs used at the input, inner and
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output stages. From the ATL design point of view, three types of ATL sub-sections

was given in Figure 4.1.

Since the active device’s biasing condition is determined before in the first and
second design step, frequency dependent input and output shunt capacitances (Cii,
Co1 and Cjy) can be extracted from small-signal s-parameter simulations. By
attaching external series inductances, it is possible to implement input, inner and

output ATLs to complete overall design.

Loss components (r; and r,) of the simplified high frequency device model are
effective on the gain-bandwidth performance of the amplifier. The importance of
these elements arises when their values effects Zo and f; of the ATLs. That is to say,
higher r; and/or lower r, values mean more loss of the signal propagating through the
ATLs. In general case, the effective contribution of the loss components increases
with the increasing frequency. Gain and output power performance of the amplifier is
therefore expected to degrade with the increasing frequency. In other words to say,
Z, characteristic impedances of the ATLs will be a strong function of those loss

elements in the upper frequency band of the operation.

Input Stage ATL Design: At first glance, choosing a characteristic impedance of 50Q
is reasonable through the design of input ATL. Although this can help to improve the
input return loss performance (S;1), bandwidth limitation is possibly to be faced since
the input ATL cut-off frequency f, is inversely proportional to the Zg;, impedance

as given in equations (4.1) and (4.2).

In this study, both the input and the inner stage ATL of the DSTWPA are given to
employ lossy T-sections. These lossy sections do not only improve the input/inner
stage matching and gain flatness but also help to ensure stability of the amplifier in
the wideband operation. Furthermore, the DSTWPA circuit also employs a capacitor
(C,) in serial to the gate terminal of the input driver device to increase the bandwidth
of operation by decreasing the effective input capacitance (Ci,1). This technique of
capacitive coupling however reduces the amplifier gain as a drawback. Since the
transistor high-frequency small-signal parameters ri;, Ciy is extracted and the input
ATL characteristic impedance Zoj, is determined, the value of coupling capacitor,
loss resistor and the ATL inductor now can be determined with the similar design

equations was given in (4.14) to (4.16). On account of this fact, input Zgin
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impedance can be designed in a lower value (i.e. 30~50Q) in order to obtain
relatively more bandwidth together with sufficient input matching performance (i.e.
|S11/< -10dB).

For the proposed DSTWPA topology, a general and simplified circuit representation
is presented in Figure 4.38 where some of the biasing network elements are not
shown to simplify drawing. The input signal propagates along with the input ATL
and stimulates T, gate terminal. Zt; is the termination impedance of the input ATL

which improve the return loss performance of the amplifier in the entire band.

V
Co D
Co Inner stage lossy ATL _ﬁ RFC
Zojint -
Input lossy ATL —ﬁ RFC (LAT4T Slgctions) Tapered

ZO‘in
(T+T sections)

Input []Ce L2 L

L2 Line .CB |:| Output
: : Port

i r )

) R 50Q
; Output stage ATL
= ZO,uut
= (L-section)

Figure 4.38 : Simplified structure of the proposed DSTWPA circuit. (Gate biasing
networks are now shown.)

. Lol

Lim/2 I—int

Inner Stage ATL Design: The amplified signal at the output of T, goes through the
inner stage L-section ATL formed by the C,; output capacitance of T, device and the
series inductance Lo; and stimulates the gate terminal of T, power stage transistor
over two T-type sections. Both input and inner stages are employing lossy ATLS
comprising of loss resistors Rijn; and Rjy. Note that the number of the ATL sub-
sections could be optimized during the design procedure and it affects mostly the

gain-flatness and high frequency loss.

From the design point of view, since the only task is to drive input of T, and there is
no need to transform any impedance into or from 50€Q, the inner stage design is less
complicated than the input and output stage designs. However, inner stage
characteristic impedance cannot be lower than an exact value, which can cause
driving problems. In that case, driver transistor T, cannot provide sufficient current
level; therefore, the maximum voltage swing cannot be obtained at the input of T».
Because of this situation, T, cannot output its predefined maximum power and as
consequence, corresponding PAE level would easily degrades. On the other hand, the
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inner stage characteristic impedance cannot be also too high where a bandwidth
limitation can occurs easily. Thus, when designing the inner stage network, the
tradeoff between the driving capability of the driver stage and the bandwidth
optimization must be taken into consideration. Input and inner stage ATL
terminations should be chosen to fit the line characteristic impedances as Zt =2 in
and Zt in=Zo,in- This will ensure the circuit stability over the bandwidth of operation.
Since the power levels are not high in the input and inner stage, any power absorbed
on the Zt terminations and loss elements (Ri,; and Rin) will not degrade the overall

PAE performance.

The Output Stage Design: The design of the wideband output power-matching
network is based on a previously proposed simple and accurate wideband load-pull
characterization in order to determine an appropriate and optimum single Lo, output-
line inductance. Since the occupied inductor area on the die becomes higher with the
increasing inductance value for a given current density, limiting the value of the
inductance at the output stage is very important. High frequency loss (e.g. substrate
loss and stray capacitances effects) increases when the inductor size is large and as a
result, amplifier’s overall output power and efficiency performance degrades.
Moreover, using small number of elements at the output helps to overcome such

power-loss problems and the amplifier’s construction.

In the design of DSTWPA, output signal propagates directly into the L-section of Cy,
and Lp, which is maintaining simple wideband load-pull, based matching purpose as
mentioned before. The output stage ATL is designed to obtain optimum load seen by
the transistor output. Additionally, an optimized tapered impedance transformer is
used to improve and optimize overall matching as much as possible into the standard
50Q load.

4.3.3.5 Realization of GaAs PHEMT SSTWPA

Above given systematic methodology is used to design and realize DSTWPA with
using 0.25um GaAs PHEMT MMIC process. Proposed design steps are given in
details with the corresponding circuit design parameters and determined element

values.

As the first step of the design procedure, an output power transistor having channel

width of 125um and 12 fingers geometry is selected to examine. Selected geometry
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Is investigated for its suitability and capability of the predefined specifications where
Po.1ds >0.5W is expected. The upper limit of the bandwidth is targeted up to 10GHz.
Here to note that before starting the design procedure, a quick dc analysis and small-
signal inspections at various reasonable biasing currents can give some opinions
about the device characteristics such as gain and bandwidth characteristics. In
addition, a load-pull simulation environment using Agilent Advanced Design System
(ADS) and high accuracy nonlinear device model supplied from the vendor (United

Monolithic Semiconductor) are used to determine the device large-signal behavior.
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Figure 4.39 : 1dB compression (Py2 148), efficiency (PAE,) and the dissipated
power (Pgiss2) performance of 125x12um (T,) device at 4GHz.

To make use of the wideband and linear characteristic of the device, it is convenient
to bias the device in class-A operation. For the proposed design procedure, it is
necessary to determine Ipy o biasing current for the given device before switching to
inspect load-pull data. For this purpose, device is excited over a standard 50Q
impedance. From the simulations, output power at 1dB compression and the
corresponding PAE values are collected where the device biasing current is taken as
the swept parameter.

Figure 4.39 summarizes the performance of the output device at 4GHz operation.
(i.e. the expected mid-band frequency.) It is clear from the characteristics that the
device 1dB compression power level (Pqy2148) IS increasing proportionally with the
bias current. After some current level, Py, 145 Starts to saturate. At this point, we can
choose a bias current value which is not only maximize both Py, 145 and PAE but also
guarantee a stable and safety operation for the device itself due to increasing junction
temperature which is directly proportional to the dissipated power (Pgiss2) inside the

junction.
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Table 4.4 : The simulated load-pull data for 125x12um (T2) devices at

Frequency  Z opt@Po a8 Po2,1dB PAE
[G HZ] [RL,opt+jXL,opt] [Q] [dBm] @ZL,opt [%]

1 42.0+5.6j 28.0 43.6

2 28.3+3.2j 28.6 47.0

4 19.9+11.4j 29.9 48.3

6 13.1+9.3j 29.6 47.6

8 20.5+5.0j 30.6 514

From these facts, Ip is selected as 150mA which is equal to Ipy et parameter of the
first design step. After determining Ip2pt, We can search the optimum load values in
the desired frequency range. Table 4.4 shows the optimum load impedances taken at

Po,1dB-

Since the biasing current lp, was determined before in the first step, we can find
maximum input voltage across the T, input using the equations (4.21) to (4.24). For
this aim, we have to extract K, value of the device for the given Ip,. Figure 4.40
shows Gm1 and Gy, characteristics of the two devices where Ip; and Ip; are the swept
parameters. As seen in the plot that, G, value of the power device at 150mA biasing
is around 0.42S and so that K, could be calculated around 1.18AV™?. With the
addition of the other parameters (0.5W of Py 148 and 23Q of |Z| optf), it is possible to
use Figure 4.24 and find Vi max around 0.5V. Note that the maximum ratings (i.e.
breakdown voltages) for the gate terminal also should be checked from the
device/process vendor for a proper and safe operation.
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Figure 4.40 : Gy, and Gy, characteristics vs biasing currents of the transistors.

After finding the input voltage limit of the power device, we can jump to second step

and choose a proper biasing for the driver stage according to Figure 4.41. To
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determine the value of Ip;, we need to know |Zo ing. In this point, we have to jump to

third step for a while and rearrange equation (4.1) and (4.2) as below

L
~ int
LZoim = | = (4.28)
C.
f. = —1
cint — (429)
7 LiniCiz

24.0 — ~32 ~0.6
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Figure 4.41 : 1dB compression (Po1 148), efficiency (PAE;) and the dissipated
power (Pgiss1) performance of 50x10um (T;) devices at 4GHz.

Since the design was desired to operate up to 10GHz and as Ip, was determined as
150mA, C;, could be extracted around 4.5pF (See Figure 4.42) and equation (4.29)
obtains 0.23nH of L, value. Continuously, we could determine |Zgin equal to 7.1Q
with help of (4.28). Now we can complete second step and determine driver device

biasing current. According to (4.26), Ip; could be calculated as <69mA.

As we have determined boundary value for Ip;, we have to select a proper geometry
for the driver device which have to be large enough to supply <69mA and at that
biasing boundary, it should satisfy the both non-saturated linear operation and proper
efficiency. According to this information, a driver transistor of 50x10um geometry is
selected and Ip; of 60mA is observed suitable for the given specifications. Figure
4.41 shows the device characteristics for the driver T, of 50x10um. As clear from the
Po1.1d8 behavior, output power starts decreasing over 70mA which is expected to
happen.

If the calculated Ip; was higher than the given characteristics, we would have
possibly increased the transistor geometry. This would not only help to increase

linearity but also to overcome thermal management problems. However, if the
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calculated Ip; was too low, of course the device geometry have should be selected as
low as possible to make design both efficient and high bandwidth.

After determining the biasing currents of the two devices, small-signal characteristics
including the input and output capacitance/conductance values could be examined.
Figure 4.42 shows input and output capacitances for the devices respectively. This
information is the base of corresponding ATL design equations given before in the
third step.
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Figure 4.42 : Small-signal input and output capacitance characteristics of the T
and T, devices.

At the input, to match into the standard 50Q source impedance, it is desirable to
design 50Q input ATL characteristic impedance (Zon) in the entire bandwidth. When
Capacitor C. is not used, equation (4.1) and (4.2) could be rearranged for the input
ATL as

L
z o~ inl
0O,in C o (430)
fon ™ — (4.31)
' 7oL Cis .

and by taking Zpi, as 50Q and 1.2pF of Cj;, input ATL inductance Li,; could be
calculated as 3nH. Then switching to line cut-off frequency equation, f.;, can be
calculated as 5.3GHz which is far from the desired 10GHz of operation. To solve the
problem of input ATL f.;, a capacitive coupling technique is employed to reduce
equivalent input capacitance (Cin1) of the device. The drawback of using such
technique is reducing the overall gain level since the signal voltage is divided
between the coupling capacitance (C) and the gate-source capacitance of the device.
In this way, Cin; is reduced to around 0.5pF where 0.85pF of C. is taken as an
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optimized value. By replacing C;; with Ci,; in (4.30) and (4.31), we can conclude to
around 12GHz of f¢ i, when using 50Q ATLs at the input which is quite enough for
the desired bandwidth. Overall input line is constructed with using two T-sections
one of which is lossy. In this way, we have more possibilities of managing the gain
flatness and stability concerns in the wideband of operation. For the output side,
according to the given impedance values and using the proposed technique, a simple
output stage ATL L-type network could be designed by choosing a best fitting
impedance value of 0.6nH for Lo, where Co, of the device is around 0.5pF. For the
biasing purposes at the drain nodes, on chip inductive lines are constructed to form
wideband RF chokes (RFCs) which was previously proposed. By doing this kind of
on-chip RFCs, the parasitic addition to the drain-source capacitance is minimized
according to off-chip high parasitic RFCs. The magnitude of the impedance tied to
corresponding RFC pads is strongly needed to be as low as possible (theoretically
perfect ac ground) for the proper operation of the on chip RF choke. Finally, the
magnitude of the simplified small-signal gain for the DSTWPA circuit could be
given by

IME(CH%CC]Gmlemzzo,imzo,om 4.32)
It is obvious that the expressions given above are used in the first order design of the
DSTWPA circuit. It is necessary to instigate optimization steps in order to improve
the small-signal and power performances of the DSTWPA circuit in the desired
frequency band of operation. For this aim, since the simulation results is converged
to goal characteristics by design procedure, gradient type optimization was also

selected to finalize design by choosing 10% of deviations for the passive devices.

4.3.3.6 Measurement results for GaAs PHEMT SSTWPA

The proposed DSTWPA design is fabricated using UMS 0.25um GaAs PHEMT
MMIC process. All the circuit level and electromagnetic simulations are performed
using ADS simulation environment. The fabricated die chip of DSTWPA is shown in
Figure 4.43 where the bare-die chip size is 3.4x1.4mm? Test chip is attached on an
FR4 substrate using conductive epoxy and all RF signals are left inside the chip and
only dc biasing is supplied with the aid of wire bonding. RF measurements are
fulfilled using probe station and GSG type probes at both input and output ports.
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Table 4.5 : Element values of CSSTWPA circuit in Figure 4.38.

Element Value
Liny 3nH
Cinl 05pF
Rinl 3Q
Ztin 50Q

C. 0.85pF
Lo 0.25nH
Lint 0.23nH
Cint 4.5pF
Rint 3Q
Ztint 7.1Q
Loy 0.6nH
CB 8pF
Co 100nF

Driver transistor ~ Power transistor

ﬁ gt omoeo = R
Figure 4.43 : Chip photograph of the fabricated DSTWPA circuit. Bare-die chip
size is 3.4x1.4mm?.

The simulated and measured small signal s-parameter performances of the DSTWPA
will be presented below: the gain performance (Sy;) is shown in Figure 4.44 and as
seen from the figure that there is an agreement between the simulation and
measurement results within the most of the band. The DSTWPA circuit exhibits
almost flat gain response of 15dB across the bandwidth of 1.5-t0-9GHz. Figure 4.45
shows the input matching (S;;) performance of the DSTWPA. As seen from the
figure, there is an agreement between the simulation and measurement results in the
most of the band. S;; is obtained below -10dB entire the 1.5-to-9GHz of operation.
Figure 4.46 shows the output matching (S2) performance of the DSTWPA. Sy, of the
amplifier is not below -10dB for most of the band. However, this is an expected
result since the output stage of the circuit was designed to obtain optimum power
performance (load-pull match) where a small-signal conjugate matching condition is
not used in the design. Figure 4.47 gives the reverse gain (S;2) performances of the
DSTWPA. It is seen that the reverse gain (or isolation) is below -50dB which is low

enough for most of the applications.
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Figure 4.44 : The simulated and measured gain (|S2,|) performance of the proposed

DSTWPA.
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Figure 4.45 : The simulated and measured input matching (|]S11|) performance of

the DSTWPA.
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Figure 4.46 : The simulated and measured output matching (|S,2|) performance of

the DSTWPA.
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Figure 4.47 : The simulated and measured reverse gain (|S12|) performances of the
DSTWPA.

Figure 4.48 shows the output power performances of the DSTWPA in terms of the

output referred 1dB compression point (P,148) and saturated power level (P sat)-
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From the measurement results, the saturated output power level is measured nearly
1W (30dBm) in most of the band while the P, 14 is around 0.65W (~28dBm). Figure
4.49 gives PAE performance of the DSTWPA at P, 148 and P, <t level. The saturated
PAE (PAEsy) is above 50% and corresponding PAE (PAE4g) is above 36% in most
of the band.
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Figure 4.48 : Output power performances of the DSTWPA at the output referred
1dB compression and saturated power points.
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Figure 4.49 : Power added efficiency (PAE) performance of the DSTWPA at 1dB
compression and saturated power points.

There is a good agreement with the simulation and measured results in the most of
the band. To show the advantages of the proposed methodology, overall DSTWPA
performance is compared to the SSTWPA which includes only one active power
device. Since it is a single stage amplifier, gain is lower to cascaded version and for a
similar transistor size, output power and corresponding efficiency level is expected to
be same. To make the comparison clear and meaningful, previously proposed
SSTWPA circuit is used, which employs the same T, power transistor of the
proposed DSTWPA circuit. Measurement results of the fabricated SSTWPA chip are
used here to compare the results with the DSTWPA. The SSTWPA circuit has a
bandwidth of 1-to-8GHz with an average reduced gain of 9dB as expected. The
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comparisons of the power performances of the DSTWPA and SSTWPA are given
below in Table 4.6. According to the results, DSTWPA has provided better power
performance at P, 14s. This is due to the higher gain performance of the DSTWPA

circuit.

Table 4.6 : The measured power and PAE performances of the proposed DSTWPA

and the SSTWPA.
SSTWPA DSTWPA
Frequency (Sayginer et al, 2013) (This work)

(GHZ) I:)o,ldB I:’AEldB Po,sat PAEsat IDo,ldB PAEldB Po,sat PAEsat
(dBm) (%) (dBm) (%) (dBm) (%) (dBm) (%)

2 27 40 30 68 28 39 30 54
4 25 27 28 54 28 38 30 53
6 26 34 30 78 29 39 30 54
8 28 45 29 50 28 36 30 50
10 - - - - 23 10 29 22

Since the lower gain values causes an increase over the input nonlinearity, the output
power level at 1dB compression decreases accordingly. Consequently, PAE
performance of the SSTWPA decreases because of the lower output power level than
the DSTWPA circuit. On the other hand, both topologies have given similar
saturated output power performance where the devices are in a heavy nonlinear
operation. Moreover, PAE performance of the SSTWPA is better for the saturated
power case. This is due to using only one transistor while the DSTWPA circuit

includes an additional driver stage which consumes extra-power.

4.4 Chapter Conclusions

In this chapter, four wideband PA designs were given. Two of the designs were
based on 0.35um SiGe HBT and the remaining two designs were in 0.25um GaAs
PHEMT MMIC process. The first two designs were decade bandwidth medium
power PAs. The starting PA was a single-stage TWPA employing only a single
transistor and was load-line matched at the output. By removing the output ATL
termination impedance, both the output power and PAE was improved. The second
amplifier design is a cascaded version of the first PA where the input amplifier stage
feeds the two identical amplifiers in a parallel configuration whose outputs are
combined together to increase the output power by twofold over the desired

operational frequency bandwidth. At the beginning of the bandwidth, the amplifiers’
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measured results closely agreed with the simulation results and when the frequency
Is increased, both the substrate loss of Si and external collector feed bias circuity
dominates by their parasitic and thus more output power is lost. This is the reason of
mismatced power and PAE characteristics of simulation and measurement at the

upper portion of the bandwidth.

In the second phase of the chapter, an SSTWPA was comprised of capacitive
coupling and frequency dependent lossy artificial transmission-line to enhance the
amplifier’s frequency-bandwidth product, input matching and gain flatness response.
A Dbroadband load-pull technique using a graphical design approach was used to
ensure a predefined power level is delivered to the load over the amplifier’s
operating bandwidth. The parasitic capacitance associated with the off-chip RF
choke degrades the bandwidth performance of the amplifier. To eradicate this
problem, an integrated microstrip line is implemented at the drain node, which is
used as RF choke to operate in the wideband. The proposed SSTWPA design
provides wideband operation with gain flatness, optimized flat power performance
and high efficiency in the desired bandwidth. Moreover, the single transistor design
is relatively simple to implement, occupies less chip area and thus cost effective
compared with the multi-stage version of TWPAS.

Additionally, a straightforward systematic design of a cascaded-double stage PA
circuit operating in Class-A is proposed. The DSTWPA employs two transistors one
of which is the driver and the other serves as the output power device. The proposed
circuit comprised of the capacitive coupling and frequency dependent lossy ATL
techniques to enhance the amplifier frequency-bandwidth product, input match and
gain flatness response. In addition to this, previously proposed broadband load-pull
technique is used to predict output ATL line elements, which improve the
broadband-power performance of the circuit. Output ATL line is comprised of a
simple L-type ATL section to achieve an optimum power-bandwidth and PAE
performance. Gain-frequency and power performances of the DSTWPA were
compared to the performance of a single stage travelling wave power amplifier
which was employed the same power transistor. As it was proved that, the DSTWPA
circuit has given better performances over the single stage version. Proposed

methodology shown to simplify the design of cascaded topologies in an efficient and
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systematic way, meanwhile obtaining the high performance metrics over the
bandwidth and the output power/efficiency.

It would be also useful to compare the load-line design technique with respect to
load-pull approach. Since load-pull data stores the frequency dependent impedance
information, there is no doubt that the power matching performance of the load-pull
based methods are better. To clarify the issue, for a single transistor GaAs design, a
comparison at different operating frequencies for both load-line and proposed load-
pull match are given in Figure 4.50a and Figure 4.50b, respectively. Similarly, the
comparison of the output 1dB power and PAE simulations could be observed in
Figure 4.51 and Figure 4.52, respectively.

As seen from the results that, laod-pull approach has better performance

characteristics over the load-line method. However, collecting load-pull impedance
data is a complex task according to load-line process which can simply be extracted
from the device i-v characteristics.
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Figure 4.50 : Comparison of the output load-line simulations at different operating
frequencies (a) for load-line match (b) for proposed load-pull match.
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5. FURTHER IMPROVEMENTS ON THE DESIGN OF EFFICIENT
WIDEBAND GaN PAs

In this section, some of the design methodologies for the wideband power amplifiers
are studied where at first; a systematic technique based on a susceptance minimizing
concept at the output matching network is presented. Proposed approach uses two
main sub-blocks, which are a short-circuited transmission-line for susceptance
minimizing and multi-section transformer for the remaining matching purpose. The
design procedure is investigated conceptually and simple theoretical analyses are
given to show that how the proposed method could help to simplify wideband
design. Moreover, the given approach not only improves the output power and
efficiency performance of the given transistor but also takes care of the biasing

network simultaneously over the wide range of the frequencies.

5.1 Design of Wideband GaN PA Based on a Systematic Susceptance
Minimizing Technique

A systematic technique to design output stage of a wideband PA will be presented
conceptually. A design example to show the performance of the presented approach
will be studied using GaN HEMT transistor where a high performance solution to the
new technique is constituted. Continuously, a real design example is fully
implemented in the ADS environment with using microstrip design techniques and
the PA performance will be inspected within the desired band. Finally, a comparison
of the design performance to the known design solutions is given to show advantages
of the method.

5.1.1 Characterizing the power device: load-pull analyses

Proposed design methodology starts with selecting a suitable transistor and gathering
Z opf(Jo) optimum load impedances. A GaN HEMT transistor designated
CGH40010F from Cree is selected to examine in this study. Cree’s CGH40010F is
an unmatched, packaged GaN HEMT, operating from a 28V rail and serving up to 6
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GHz of operation. CGH40010F offers a general purpose, broadband solution to a
variety of RF and microwave applications (Url-2).

A fully nonlinear ADS device model provided from the vendor is used for all
linear/nonlinear simulations. To gather Z op(joo) data from the device, a sufficient
number of load-pull analyses are examined in the range of 0.5-t0-6.5GHz and output
power is inspected at 1dB compression (Po14g) to look for Z, op(joo) impedances

together with the corresponding PAE levels.

Table 5.1 shows the tabulated Z, ox(jo) impedances and the corresponding P 145 and
PAE levels for the simulated frequencies. Optimum reflection coefficient (I'rqpt)
values on the Smith Chart is also illustrated in Figure 5.1.

From the simulation results, CGH40010F seems to be able to supply over 10W
output power in the wideband operation while the corresponding PAE levels are
>50% for class-A/AB operation of the transistor where the device is biased at
Io=640mA and Vos=28V.

Table 5.1 : Optimum load impedances of CGH40010F at Py 145.

FrequenCy ZL,opt@-,? I:)o,ldB-max ZL,opt_@ I:)'A\Emax I:)o,ldB—max I:)'A\Emax
[GHz] [RLoptHIXLoptl[2]  [RiopttiXiopt[€2]  [dBm] [%]

05 33.7+8.2j 41.25+9.55j 40.29 55.17
1.0 29.3+7.45j 33.25+10.25j 40.64 56.49
15 25.35+6.65j 26.7+14.7] 40.78 57.13
2.0 22.0+4.35j 24.55+10.05j 40.96 56.50
2.5 18.75+3.95j 19.5+8.7j 40.95 56.39
3.0 17.8+0.85j 18.55+5.4j 41.04 56.14
3.5 17.75-0.6j 17.25+3.65j 41.00 54.92
4.0 16.55-2.0j 14.85-0.75j 40.98 55.56
4.5 15.4-6.1j 14.1-1.9j 41.03 55.42
5.0 14.85-8.95j 13.95-6.05j 41.05 54.73
5.5 15.5-12.1j 12.1-9.55j 41.04 54.41
6.0 15.4-16.6j 11.7-13.45j 41.02 54.06
6.5 16.7-21.4j 13.55-19.3j 41.04 5291
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1.0
Figure 5.1 : Wideband I'. ot trace for CGH40010F related to Py 19g Where the
device is biased at 1p=640mA and Vps=28V. Circles on the trace are
spaced in 0.5GHz.

5.1.2 Modeling for susceptance minimizing technique

As it was given before, one can obtain maximum power from a source having finite
internal resistance, if and only if the load resistance is equal to the resistance of the
corresponding source. It is also possible to extend the theory to AC circuits, which
include reactance part, and the maximum power transfer occurs when the load
impedance is equal to the complex conjugate of the source impedance. However,
power transferring by using conjugately matched source and load impedances are not
practical especially when the source is implemented by active devices (i.e.

transistors), which have limited voltage and current characteristics.

Coming from this fact, since the collected Z ox(jo) values are related to the large-
signal power matching condition, a conjugate matching approximation and could be
used to represent power transferring networks as shown in Figure 5.2. Thus,

following impedance relation could be written to define maximum power condition;
ZT,out(jw) = Zi,opt(jw) (51)

Above explained approximation could help to build up a simple and useful wideband
large-signal tabulated device model as in Figure 5.3. According to the model, G,

simply represents the large-signal transconductance of the device. Yt (jo) and
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Yrou(Jo) represent the input and output large-signal complex admittances

respectively where Y ou(jo) is equal to 1/Zt oui(jo) by definition.

POUI

ZL,opt(jw)

= ZT,out(jCU)

Figure 5.2 : Simplified device representation showing both Z, ox(jo) and Zt ou(jo)
impedances.

Input admittance Yrin(jo) is not going to be interested in this study since the
maximizing of the output power strongly depends on the output matching condition.
Once the output-matching network is determined then the overall design procedure
will be followed to implement a proper wideband input matching network to flatten

gain response without sacrificing the output power and efficiency level substantially.

g GmVes d

Figure 5.3 : Simplified admittance representation of the GaN HEMT device.

Device Ytou(jo) output complex admittance could be split into the real and

imaginary parts as

YT,out (]CO) = GT,out ((()) + jBT,out (a))
R opt (@) L Xo(@) (5.2)

"R X (@) 'R X?
L,opt (C())-i- L,opt (w) L,opt (a))+ L,opt (a))

where both Groui(w) and Brou(w) are frequency dependent large-signal output
conductance and susceptance respectively. Moreover, frequency dependency of the
Grout(®) is not only correlated to X opt(®) term but it also depends on the frequency
dependent real Ry oy part of the device optimum Z_ox(joo) impedance as it was

indicated in Table 5.1.

Above given complex Ytou(jo) expression is the origin of the susceptance
minimizing technique. From this moment on, the question arises if there exists any

way to cancel or minimize the imaginary part of Y1 ou(jo) admittance in the entire
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frequency band. In other words, we could simplify the wideband-matching problem
by removing B oui(®) susceptance at the output since there will remain only Gt oui(®)
conductance to be matched in the entire band. Therefore, we need a susceptance
minimizing network having Bg,(®) susceptance equal to —Brui(w) profile in the
whole operation band. Additionally, Bgi,(®) circuitry is also needed to be
implemented as simple as possible to make sure of not consuming any undesirable
amount of power since the both power level and bandwidth are very high at the
output. In other words, there should be no additional resistive/conductive parasitic

term attached to the Bg jh(®) implementation.

From the narrow band design of interest, cancelation (or absorption) of Bt u(®) is
applicable with using various types of impedance matching networks. On the other
hand, wideband designs are not suitable to obtain such narrowband design

techniques.

Almost the most critical step of any wideband PA design is the synthesis of the
matching networks, which ensure maximum power is transferred to a load within the
operation band. In practice, this cannot be realized easily for all the frequencies that

we have interested which was indicated before.

In practice, there are always reactance/susceptance parts for the complex impedances
at both input and output ports of any given active device. From the power device
perspective, the main problem arises as the optimum impedance tracking problem of
the matching network, which must ideally keep the track of load-pull Z, ox(jw)
impedances data with the increasing frequency. Generally, this is not an easy task. In
other words, one cannot easily obtain convenient matching networks to transform
optimum impedance loads into a known real load (e.g. 50Q) in the entire band. In
this section, a simple and realizable way for the output-matching network is
examined. Proposed technique helps to relax optimization steps for the wideband
methods by applying a sequential design procedure for the matching network.
Proposed design procedure includes the design of two sub-blocks: First sub-block is
the susceptance minimizing process as illustrated conceptually in Figure 5.4. By
doing this, one can get a susceptance free real Ytou(jo) admittance at the output.
Second part is the transforming of the susceptance free real-admittance into the real

load impedance.
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Drain Terminal Plane  Susceptance Free Plane

YT,out(j a)) , - J BT,out(w)'/'l/
GmVes T c 1 o_

A d

YT,out(jw)=C':‘T,out(a))
YT,out(jw):GT,out(w)"'j BT,out(w)
Figure 5.4 : Susceptance cancelation with using —jBr out(®) at the device output.

As was mentioned before, for the given design problem here, R opi(®) is frequency
dependent. In this step, by using the conjugate matching condition, Gt oui(®) will be
transformed into real 50 load impedance with using a multisection transforming
network. Figure 5.5a and b show the classical wideband-matching network synthesis
problem and the systematic approach given in this study respectively. The approach
given here uses a systematic design procedure including the relaxed optimization
steps. In the next sub-section, a suitable circuit implementation of Bg n(®) will be

examined.

Pout

Wideband

Matching
Network RL 50Q

ZL,opt(j o)

BB'i“(w) | Pout
Low-Q
Wideband
Matching R. 500

Network

= ) Gmin(@)=Gr out(®)

Figure 5.5 : (a) Wideband-matching problem at the output of PA. (b)Proposed
matching approach for the output of a wideband PA.

5.1.3 Circuit implementation for negative susceptance

A possible circuit implementation of Bgin(®) equal to —Brqu() is the bottle neck of
the proposed approach. It is also possible to make a simple conversion and use the

term capacitance at the output of the device,
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Cron= Brou(®@) (5.3
[0
Crout Ccould be said as the output frequency dependent large-signal capacitance
including the non-linarites. Using capacitance notation is sometimes convenient
since the shunt capacitance representation is suitable when dealing with the real
physical circuit elements. For the given transistor, Figure 5.6 shows the both

Zt out(jo) and Y oui(jo) in terms of real and imaginary parts.
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Figure 5.6 : CGH40010F output (a) Zt out(jo) impedance and (b) Yt out(jo)
admittance in the real and imaginary parts.

It is seen that the device output susceptance (i.e. Ctoyu) profile has shown to be
positive for <3GHz and becoming negative for >3GHz. That is to say, according to
the susceptance minimizing process we have to make sure of having ideally zero
value total susceptance profile for the entire band after applying Bgin(®) at the
output. In other words, we should design a network having capacitance profile
shunted at the drain terminal of the transistor. We could call this capacitance as the
equalizer capacitance and it should have a profile opposite to Ct oyt as given in Figure
5.7b. Since the device optimum impedances are gathered at the device’s P, 145 point
for all the frequencies and the almost class-A operation is obtained, counter-
clockwise rotation of Z_ox(jo) on the smith chart given in Figure 5.1 was mainly due
to the terminal parasitic elements where the packaging parasitic dominates the most.
According to the given device model, a series inductance of 0.5nH is modeled at the

output terminal of CGH40010F to include drain side packaging effect (Url-3).
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Figure 5.7 : (a) —Broui(jo) susceptance and (b) corresponding capacitance profile.

Coming from this fact, since the conjugate matching condition was defined as
Zrou(jo) is equal to Z, opi(joo), @ negative-to-positive capacitance profile of Figure
5.7 is not surprising since the parasitic inductance dominates at higher frequencies

and resulting a shunt negative capacitance effect at the output.

Various active device circuitries could be used to implement such an equalizer
capacitance profile to attach at the device output. There are many proposed active
negative capacitance circuitries to be used in the fields of microwave circuit design
such as active-tunable filters, voltage controlled oscillators, antenna matching
network and so on (Kolev et al, 2001; Kaya and Yuksel, 2007; Ghadiri and Moez,
2010). Most of the examples use gyrator-based feedback topologies to implement
negative capacitance circuits. However, there is an important restriction on the use of
such active circuits at the output of any high power PA. As the voltage may reach up
to many ten volts in most cases, it will definitely exceed the negative capacitance
circuit active device gate-source breakdown voltage (e.g. for CGH40010F, nominal
drain-to-source voltage is 28V which means that the maximum level could reach up
to 56V where the maximum gate-to-source breakdown voltage range is given to be -
10V to +2V) (Url-2). In addition to this limitation, one another issue to be mentioned
here is the PAE degradation and the increased circuit complexity and relatively high-

cost of the overall PA design when implementing such additional active circuitries.

Above the given limitations for the use of active networks, passive solutions to
implement possible —Br qui(®) profile would become both preferable and valuable.
Since the characteristic of the —Br oui(®) profile given in Figure 5.8 simply resembles
to any single shunt inductance characteristics, it is possible to make use of such
simple approach to implement desired capacitance profile. Any ideal single-shunt

inductance has the input admittance of pure imaginary as
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where Yin(jo) is equivalent to negative susceptance where Bj,q and Cing are equal to

Bind: L
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Cing =7
2rf

(5.5)

(5.6)

from the given characteristic, a capacitance profile is seen where the value of the

inductance effects the slope of the profile. By adding a positive capacitance, we can

have a profile having both negative and positive capacitance values as desired.

Figure 5.9 gives the characteristic of such implementation. Cofe: IS the adding

capacitance to determine zero passing frequency for the profile.
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Figure 5.9 : Shifting Cinq profile to the positive capacitance side.
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From the design perspective of view, any passive inductance could be replaced by a
transmission-line based structure such as microstrip line. It is to say that any lossless
short-circuited transmission-line could be possibly replaced with the inductance.

Input admittance of any short-circuited line could be written as

. 1
Yinr (@) =—j——cotfl
Zy (5.7)

== J Bin,TL

where Z; is the line characteristic impedance and Bl is the electrical length of the
line. Equation (5.7) shows that the line admittance is periodic in | and repeats for
I=nA/2 where n=1, 2, 3, ... As an example, a short circuited microstrip line can be
characterized by changing the line length (L) and width (W) (i.e. Z, and Bl) and

results are given in Figure 5.10 and Figure 5.11 respectively.
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Figure 5.10 : Short circuited transmission line capacitance characteristic where the
line-length (L) is selected as the parameter.
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Figure 5.11 : Short circuited transmission line capacitance characteristic where the
line-width (W) is selected as the parameter.

134



Both zero-passing frequency and the slope of the capacitance profile could be
controlled by changing the line dimension. Given microstrip structures are simulated
using Taconics TSM-DS3 substrate (¢,=3 and tan6=0.0011). Overall results show
that any short-circuited transmission-line could be useful to present —jBrou(®)
profile at the device output to minimize susceptance part. Since the line is short-
circuited at one side, using such implementation can also simplify the realization of
the biasing network where there is need for additional circuitry to supply drain
terminal voltage and current in most cases. That is to say, drain supply voltage can be
tied to ac short-circuited side of the line and as a result, there is no need to design
additional biasing network. Figure 5.12 shows the Bg j5(®) circuitry with the included

biasing network solution.

Wideband
Decoupling

Circuitry
4 ,_L

: 1
Al
T
l
1
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BB,in(U)) AC
(Cgin) Ground

I
=) E—

Figure 5.12 : Implementation of Bg jn(j®) negative susceptance circuitry.
5.1.4 Design of low-Q wideband-matching network

This section will describe the design of remaining low-Q matching network. As
mentioned in the previous section, a desired profile of susceptance (or capacitance)
could be implemented by using short-circuit terminated transmission-line approach.
By doing this, one can obtain a lowered susceptance value at the output node and the
need for the wideband match is reduced to design of frequency dependent real
conductance only matching problem. In theory, real conductance matching problem
is a low-Q matching problem by definition. Thus, wideband real-to-real impedance
or admittance transformation is possible with using multisection transformers (e.g.
Binomial and Chebyshev multisection transformers) (Pozar, 2001). Output Gt oui(®)
was given in Figure 5.6b is needed to be transformed into 50Q which is not directly
suitable with using well-known multisection transformer methods which are all for
constant value of real-impedance or real-admittance transforming purposes. Thus, we

need to modify transforming structures to make use of such frequency dependent
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conductance to match into a real 50Q load. A multisection impedance transformer
can be represented as shown in Figure 5.13. Given Z,’s are the characteristic
impedances, 6,’s are the electrical lengths and I'y’s are the partial reflection
coefficients where n=1, 2, ..., N. Overall reflection coefficient I'ih(6) seen from the

input port of the multisection transformer could be approximated by,
Fin (0) = Fo =+ Fle—j2¢91 + er—j2(91+92) 4ot r‘Ne’jz(gl+“‘+‘9N) (58)

where the partial reflection coefficients can be defined as follows;

Ly= (5.9)

A special case of multisection transformer where assuming all 6,’s are equal to A/4
and all T, are arranged in a symmetrical sequence where I'p= I'n, I''= I'n.1, 2= I'n2
etc. In addition, all Z, increase or decrease monotonically across the transformer
while Z, is real, then the transformer could be designed as Binomial or Chebyshev
type multisection transformer by properly choosing the Z, impedances (Pozar, 2001).
Since the all T’ are real for both special cases, these type of matching networks are
suitable to match only real and frequency independent impedances which is seems to
be useless for transforming Gr oui(®) into 50Q. Equation (5.8) could be rewritten in

the form of sinusoids as follows;

I, (0)=T,+I {cos26, - jsin26,}

+T, {005[2(91+92)]— jsin[2(6’1+t92)]}
+T, {005[2(91+02 +- 40y ) |- Jsin[2(6,+ 6, +---+ 6, )]}

(5.10)

which shows that T'jn(0) could be designed as a complex function by properly

choosing 6y’s.
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Figure 5.13 : A general representation for multisection matching transformer.
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It is possible to realize a complex admittance function Ymin(jo) looking into the

multisection transformer as;

_11-T ()
Z,1+T, (@) (5.11)
=Gy (@) + By , (@)

Y (J@)

where By p(w) is the additional parasitic susceptance part of Y in(Joo) contributes to
Bt out(®) and should also be eradicated from the output. Proper 6, and I',, values could
be selected by fitting real Grou(w) function to equation (5.10). Therefore, all Z,
impedance values could be extracted. Figure 5.14 shows the line design parameters

for the multisection transformer used in the design.

. Z]_ Zz ZN
-

> 6, f 6, On, fn Z
F 50Q

Ywm,in(J0)=Gmin(@)+]Bu p() -

Figure 5.14 : Multisection transformer line parameters and Yy in(jo) input
admittance.

5.1.5 Overall design of the output matching network

After inspecting the two main design blocks at the output-matching network, now we
could build up a systematic way to complete overall design for wideband impedance

matching. Proposed overall design procedure has three main steps to be completed.

Step 1: Design a multisection impedance transformer to obtain

C;M ,in (60) = GT,out (6()) (512)

After the design is completed, the input admittance of the transformer will be equal
to

Yiin(10) = Gy o (@) + 1By, (@) (5.13)

where a parasitic susceptance By p(w) arises at the input port of the multisection

transformer.

Step 2: After extracting the parasitic contribution of By (w) from Step 1 and since

Brout(®) I1s known, it is possible to design a short-circuited line having Bgin(®)

137



susceptance at the input to remove the remaining susceptance contribution as

follows,

BB,in (a)) = _BT,out (a)) - BM,p ((0)

= BL,opt (a)) - BM p (60) (514)

In this point, a parasitic conductance term seen from the input port of the Bg jn(®)

line could be neglected since the value of the conductance is very small.

Step 3: Multisection transformer designed in Step 1 and short-circuited line design in
Step 2 is now joined together to complete overall design. Since we have started with
Z opt(Jw), A final optimization step is somewhat needed to correct mismatching of

R opt(®) and Xy opt(®) since Z gpi(jo) is equal to

Gron(@ . Biy(®)

RL,opt(a))= 2 2 J 2 2
Gr o (@) +Br o (@) Gy (@) + Br o (@)

(5.15)

Table 5.2 shows the design parameter values of the proposed structures. Multisection
transformer is selected as a four-section transformer monotonically increasing the
impedance values. An ac short circuited microstrip line obtaining Bgin(®)
susceptance is a single segment microstrip line as was indicated in Figure 5.12.
Output matching network model for the proposed design methodology is shown in
Figure 5.15.

Table 5.2 : Line parameters and microstrip line dimensions for the
overall matching network.

Zn fn en Wn I—n
Q GHz Degree mm mm
TL, 193 37 90 6.8 124

TL, 271 35 90 45 134
TLs 375 35 90 29 135
TL, 456 3.6 90 22 132
TlLg 274 39 100 44 133

Line No.
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Figure 5.15 : Output matching network model for the proposed design
methodology.

5.1.6 Simulation results and comparison

Proposed method is implemented on the design of a wideband output-matching
network for the Cree's CGH40010F packaged GaN transistor. Impedance tracking
performance of the proposed output stage is drawn in Figure 5.16. Since the aim of
this work was to design the output stage, the overall gain of the amplifier is expected
to be 10-12dB with using a proper input wideband-matching network. Input
Zyg,in(Jo) impedance of the proposed overall structure could be inspected as the sum
of real (Rug.in(j®)) and imaginary (Xwms in(j®)) parts given as in Figure 5.17. It is seen
that Rug,in(jo) is in a good agreement with the Ry op(jo) inside the band and
Xwme,in(jo) has the similar characteristic to X, ox(jo) one which is resulted from the

susceptance minimising process.

1.0
Figure 5.16 : Z| ou(jo) tracking performance (solid-line) of the proposed design
method shown on the I" plane.
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Figure 5.17 : Proposed matching network design input Zyg in(j®) impedance real
(Rwvg,in(®)) and imaginary (Xmg,in(®)) parts given with the real and
imaginary part of Z ox(jo) impedance (dashed lines).
Mismatch of the lines in figures shows the degradation of the power matching
performance of the output network. Output 1dB compression power levels and the
corresponding PAE performance is given in Figure 5.18. Output design is shown to
deliver over >10W of power in the frequency band of 1.4-to-6GHz and the PAE level

appears to be in the range of 44% to 55%.

To compare the tracking performance of the proposed methodology, Chebyshev
based direct analytical design of impedance transforming network to transform
Z opt(jo) into 50Q is implemented using the matching impedance tool of ADS.
Orders was selected as n=5, 9 and 13 within the desired band of operation.
Additionally, the real-frequency technique is applied to implement transforming
network with the order of n=9 and 11 again with using the ADS environment.
Tracking performance of the both analytic and real-frequency technique is shown in

Figure 5.19a and b respectively in comparison with the proposed method.

To compare the results with the formerly proposed wideband PA structures, a
detailed comparison table is given in Table 5.3. Among the given reference designs,
proposed method seems to have succeeded the highest PAE performance. This is due
to the better Z_opi(jo) tracking performance of the proposed design method where the
device is capable of maximum power transfer to given 50Q. As could be inspected
from the results that, the given method is applicable for the design of output stage of
PAs since the number of elements to be optimized is only a few with comparing to
high order direct analytical design methods where the order of the design means
more the elements to be used and more the time is needed for optimizations

procedures.
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Figure 5.18 : Power and PAE performance of the amplifier output stage.

(b)

Figure 5.19 : Comparative Z gu(jo) tracking performance of the (a) classical
analytic (Chebyshev type) method for n=5, 9 and 13 (b) Real-
frequency method for n=9 and 11.

5.1.7 Chapter conclusions

In this study, a design methodology for the output stage is studied where a systematic
and step-by-step procedure based on a susceptance minimizing technique is
presented. Proposed approach uses short-circuited transmission-line concept to
minimize or cancel susceptance contributions at the drain terminal of a discrete GaN

HEMT and a multisection transformer line to employ wideband matching purpose.

The method is useful for the packaged type transistors where the output parasitic
contribution needed to be canceled out by using an inverse characteristic one.
Another usefulness of the proposed technique is the elimination of the additional
biasing network at the drain side. This is accomplished by terminating the Bg jr(®)

line with Vpp supply, which serves ac short-circuit condition for the line.

As could be inspected from the results that the given method is applicable for the

design of output stage of PAs since the number of elements to be optimized is only a

141



few with comparing to high order direct analytical design methods where the order of
the design means more the elements to be used.
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Table 5.3 : Comparison of the previously proposed GaN based PA performances.

Reference Technology (gl\—/:é ) I(%,Z)\)/ P(W)B g;&t) FEQ) I)E &E) %aér)l
Ding et al, (2013) Discrete GaN 2-4 67 131-14.1 - 36.5-53.4 - 111-12.6
Tuffy et al, (2012) Discrete GaN 1.45-2.45 51 11-16.8 - - 70-81 10-14
Mimis et al, (2012) Discrete GaN 16-22 32 10 - - 55 - 68 11-12
Chen and Peroulis, (2012) Discrete GaN 1.3-33 87 10-11 - - 60 — 83 10-14
Demenitroux et al, (2011) Discrete GaN 1.8-25 33 10-15 - - 65— 75 125-15.5
AlMuhaisen et al, (2011) Discrete GaN 06-24 120 10 - - 57-75 -
Komiak et al, (2011) GaN MMIC 1-6 143 - 8.2-145 18 — 46 - 8.4-10.6
Carubba et al, (2011) Discrete GaN 055-1.1 66 10.5 - - >65 95-12
Narendra et al, (2010) Discrete GaN DC-2 200 15 - 20 -45 - 37
Saad et al, (2010) Discrete GaN 19-43 78 10-15 - - 57172 9-11
Lin et al, (2009) Discrete GaN 0.02-3 197 — >5 >27 — >13.4
Sayed et al, (2009) Die GaN 0.35-8 183 5 - 20-30 - 8-10
Wright et al, (2009) Discrete GaN 14-26 60 9-11 - - 60— 70 11-12
Colantonio et al, (2008) Discrete GaN 08-4 133 >1.6 — — 40 — 55 >7
Azam et al, (2008) Discrete GaN 0.7-15 73 9-10 — 30-35 — 11-14
This work (Simulation) Discrete GaN 1.4-6 124 10-13.5 - 44 — 55 - 10-12
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6. CONCLUSIONS AND RECOMMENDATIONS

Design of efficient wideband PA is a very challenging task and this thesis study
intended to propose some of the implementation techniques and methods to make
possible relaxation on the design procedures. For this purpose, both techniques: load-
line and load-pull design of the output network are taken into account. From the
circuit topology point of view, the single transistor travelling wave concept is chosen
as the best efficient core for the overall PA design where the output termination is
removed to improve output power and so the efficiency. In addition to these large-
signaling improvements, PA bandwidth is shown to be extended with the help of
using series-series feedback and gain flatness improved with the help of lossy input
ATL. Besides that, power combining with using parallel design cores is also shown

to be useful for power doubling while preserving the operating bandwidth.

In the first phase of study, to verify the simulation results of the proposed load-line
techniques, two different and decade bandwidth medium power PAs were designed
and fabricated using 0.35um SiGe HBT technology. The first design (SSTWPA) was
a single-stage TWPA employing only a single transistor where the second PA
(CSSTWPA) was a cascaded/paralleled version of the SSTWPA. Measurement
results of the two PAs were given and shown as closely agree with the simulation

results.

In the second phase, the technology is switched to 0.25um GaAs PHEMT process. A
broadband load-pull technique using a graphical design approach and capacitively
coupled class-A/AB PA was presented to ensure a predefined power level is
delivered to the load in the entire bandwidth. The parasitic capacitance associated
with the off-chip RF choke could easily degrade the bandwidth performance and for
this reason; an integrated microstrip line is presented and implemented as the RF

choke.

In the cascaded version of GaAs PA, a straightforward systematic design is proposed

to show how it would simplify the design of cascaded topologies in an efficient and
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systematic way meanwhile obtaining high performance on both bandwidth and

power/efficiency metrics.

6.1 Contributions and Achievements

In this study, three different technologies are used to implement and realize proposed
improvements on the design of wideband PAs. Since the simulation and
measurement results verified the most of the improvements, we could summarize the

contributions as below;

e In the low to mid power amplifiers, emitter feedback is shown to be useful to

increase powerxfrequency performance.

e By sacrificing the output termination and employing lossy-ATL together,
single transistor PA is shown to have flat gain response in the entire
bandwidth as it was in the multi transistor case. This core topology is shown
to double the output power in a cascaded/paralleled configuration where the

bandwidth is still conserved.

e A graphical approach for load-pull design is proposed. By this way, output
power is selected above a predefined minimum level and the corresponding
power contours could help graphically to select a suitable matching network

without using complicated analytic synthesis methods.

e For the biasing aim, an ac shorted transmission-line is proposed to use for

wideband RFC purpose.

e A new systematic approach to design cascaded wideband PA is given, which

helps to select optimum device size for the design specifications.

e A technique based on a susceptance minimizing concept at the output of
discrete GaN HEMT is presented. Proposed approach could help to simplify

wideband design by means of computer aided optimizations.

To sum up, this thesis study proposes some design techniques and modifications,
which simplifies both the design procedures and circuit complexities. In this respect,
output power and the efficiency is improved with the help of simple and reduced
number of matching elements, in which both substrate and parasitic losses effects are

compansated.
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6.2 Future Works

Given in Section 5, a GaN device based susceptance minimizing technique is
presented to relax complex wideband-matching problem at the output. The potential
advantage of the design is an open issue since the given performance results are

based on the simulation results.

Additionally, both power splitter and combiner techniques could be studied and
adopted with the base core structures since CSSTWPA is shown to double output

power with cascading and paralleling of the cores in together.
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