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A 0.18 pm CMOS X-BAND LOW NOISE AMPLIFIER FOR SPACE
APPLICATIONS

SUMMARY

Low noise amplifiers are the first and one of the most important stages of receiver
systems. They are RF circuits which are widely used in many applications such as
wireless systems, radio astronomy, space communications etc. Their main purpose is
to amplify the weak signal at the input of the receiver by adding as little noise as
possible. Since, LNAs constitute the first stage of receivers, they dominate the overall
noise performance of the system.

Low noise amplifier designs are mostly done using SiGe and HEMT technologies.
However, low cost and better process integration of CMOS technology along with its
rapidly increasing performance metrics has made it a significant contender.

Mankind is exploring the space by satellites, telescopes and space crafts. These
expeditions need strong support of electronics technology. Space electronics has
evolved considerably over the years, however designs accomplished mostly depend on
discrete elements and expensive technologies such as High Electronic Mobility
Transistor (HEMT). As the space technology should get more important and prevalent
in the foreseeable future, related applications require cheap, wide-spread and easily
(re)producible technologies.

Temperature in the outer world can get as low as 77 K and objects in space are under
high radiation doses emitted by the stars and planets. Low temperature and high
radiation affect the circuit performance drastically. Thus, developing designs for these
extreme environments with cheap technologies is an important research problem.

The main goal of this thesis is to design a 7 GHz X-band low noise amplifier for space
applications using 0.18 um UMC CMOS Mixed-Mode/RF technology. This LNA is
designed for being tested at temperatures below 100 K (also called cryogenic
temperatures) and radiation. Designed LNA is still at the production stage and has not
been measured yet. All the results in this thesis are post-layout simulation results from
Cadence and ADS tools.

The classical cascode topology with inductive degeneration is used in this design. An
additional bias inductance is employed to help in input impedance matching. Bias of
the LNA is designated to be directly applied to the pads so that they can be changed
during measurements to comply with cryogenic temperatures and radiation. Designed
CMOS LNA achieves a voltage gain higher than 15 dB, 2.6 dB noise figure, —2.24
dBm 11P3 while consuming 25 mW of power.
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UZAY UYGULAMALARI ICiN 0.18 pm CMOS X-BANT DUSUK
GURULTULU KUVVETLENDIRICI

OZET

Diisiik giirtiltiilii kuvvetlendiriciler alict sistemlerinin ilk ve en énemli bloklarindan
biridir. Kablosuz sistemler, haberlesme, radio astronomi ve uzay haberlesmesi gibi bir
cok uygulama i¢in tasarlanan, genis kullanim alanma sahip RF devrelerdir. En temel
amaglart alici girisindeki zayif isareti olabildigince az girilti ekleyerek
kuvvetlendirmektir. Diisiik giirtiltiilii kuvvetlendiriciler alict sistemlerinin ilk kati
olduklar1 i¢in, biitiin sistemin giiriiltii performansini belirlemektedir.

Diisiik giiriiltiilii kuvvetlendiricilerin tasarimi ¢ogunlukla SiGe ve yliksek electron
mobiliteli transistor (HEMT) teknolojileri ile yapilmaktadir. Ancak bu teknolojilerin
pahaliligi, CMOS teknolojisinin daha iyi iretim tiimlestirmesi ve CMOS
teknolojisinin hizla kiigiilmesiyle performansinin iyilesmesi tasarimlart CMOS
teknolojisine dogru yoneltmistir.

Insanoglu uydular, teleskoplar ve uzay araglar1 yardimiyla uzay: kesfetmektedir. Bu
kesifler elektronik teknolojisinin gii¢lii destegine ihtiya¢ duymaktadir. Uzay
elektronigi biliyiik bir gegmise sahip olmasmma ragmen, genel olarak kullanilan
elektronik tasarimlar ayrik elemanli devreler veya HEMT gibi pahali teknolojiler ile
gerceklestirilmektedir. Uzay konusunun Onemi gittikge artmakta ve hayatimizda
yaygmlasmaktadir. Dolayisiyla uzay teknolojisinde kullanilabilecek ucuz, yaygin ve
kolay tiretilebilir teknolojilere ihtiya¢ duyulmaktadir.

Diinyanin dis1 77 K seviyelerinde sicakliklara diismekte ve uzaydaki cihazlar yildiz ve
gezegenlerden gelen 1smima (radyasyon) maruz kalmaktadir. Dahasi bu diisiik sicaklik
ve yiiksek 1smim devre performansini kuvvetli bir sekilde etkilemektedir. Bu nedenle
olaganiistii ortam kosullarinda c¢alisabilen ucuz teknolojilerin varligi 6nemli bir
arastirma konusudur.

Bu tezin temel amaci1 0.18 um UMC CMOS Mixed-Mode/RF teknolojisini kullanarak,
uzay uygulamalart i¢in 7 GHz X bandinda calisacak bir disik giriltili
kuvvetlendiricinin tasarlanmasidir. Bu diisiik giiriiltiilic kuvvetlendirici kriyojenik
sicakliklarda ve 1smim altinda test edilmek i¢in tasarlanmistir ve halen tretim
asamasindadir. Tez kapsaminda verilen tiim sonuglar Cadence ve ADS programlariin
serim sonrasi benzetim sonuglarina dayanmaktadir.

Tez kapsaminda Oncelikle tasarim elemanlarinin diisiik sicaklikta ve 1smim altinda
performansi literatiir arastirmasi yapilarak incelenmistir. Bunun i¢in yliksek frekanslh
devre tasariminda genis kullanim alanlar1 bulunan heterojonksiyon bipolar transistor
(heterojunction bipolar transistor, HBT), yiiksek electron mobiliteli transistor (high
electron mobility transistor, HEMT) ve metal oksit yariiletken (metal oxide
semiconductor, MOS) transistorlerin diisiik sicakliklarda ve yiiksek 1smim altindaki
davranislar1 incelenmistir. Daha sonra literatiirde bu elemanlar kullanilarak tasarlanan
diistik giiriiltiilii kuvvetlendiricilerin yine ayn1 kosullarda (diistik sicaklik ve yiiksek
1stnim) performans farkliliklarina bakilmistir. Tez kapsaminda MOS teknolojisi
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kullanilmasina karar verilmis, ayrica tezin dahil oldugu proje kapsaminda yapilan bir
iiretim sonucunda oda sicakliginda ve kriyojenik sicakliklarda n-kanalli metal oksit
yariiletken (NMOS) transistor ol¢timii yapilmigtir.

Literatilir arastirmast MOS transistorlerin esik geriliminin (Vrn) sicaklik diistiikce
yiikseldigini ancak tasiyicilarin hareket yeteneginin arttigini, sonug¢ olarak savak
akiminm arttigii gostermektedir. Ayrica tez kapsaminda yapilan dlgiimlerle NMOS
transistor esik gerilimi ve savak akimi artis1 literatiir arastirmasini dogrulayacak
sekilde elde edilmistir. Tasarlanan disiik giirtiltiili kuvvetlendiricilerin ise besleme
gerilim ve akimlarinin diigiik sicakliklara gore ayarlanmasi sonucunda gerilim
kazancinin (Sz1) arttigini, giiriiltii faktoriiniin (NF) ise diistiigii bir ¢cok makale ile
gosterilmistir. Ancak diistik giriiltiilii kuvvetlendirici tasarimlar1 genellikle HBT ve
HEMT elemanlarla yapilmis olup, heniiz literatiirde MOS elemanlarla tasarlanmais bir
diisiik giirtltiilii kuvvetlendiricinin giiriiltii faktorii 6l¢timii yapilmadigi goriilmiistiir.

Ismim testleri i¢in toplam iyonlastirma dozu (total ionization dose, TID), tekil olay
etkisi (single event effect, SEE) gibi farkli testler yapilmaktadir. Diisiik giirtiltiili
kuvvetlendiriciler i¢in asil etkili olan ve uzay sartlarinda dayanikli olunmasi gerekli
olan 1smnimm g¢esidi toplam iyonlastirma dozudur. Isimim altinda Olglimler tez
kapsaminda yapilmamis olup, toplam iyonlastirma dozu altinda eleman ve diisiik
giriiltiilii kuvvetlendirici performansi ile alakali literatiir arastirmasi yapilmistir.
Cesitli elemanlarin ve diigiik giiriiltiilii kuvvetlendiricilerin cesitli 1s1n1m diizeylerine
dayanikliliklar1 gozlenmistir. Sonug¢ olarak tez kapsaminda tasarlanan 7 GHz
biitlinleyici metal oksit yariletken (complementary metal oxide semiconductor,
CMOS) diisiik giiriiltiilii kuvvetlendiricinin bir diizeye kadar 1s1mnima dayanikli olmasi
beklenmektedir. Diisiik guriltiili kuvvetlendiricinin 1sinima dayanabildigi doz
diizeyinin yiikseltilmesi ise gelecek ¢alismalar i¢in hedeflenmektedir.

Anlatilan uygulama i¢in endiiktif dejenerasyonlu klasik kaskod topolojisi
kullanilmistir. Kararlilik ve salinim (osilasyon) sorunlari ile karsilasmamak i¢in tek
katli yapi ile teknik isterlerin saglanmasi amaglanmistir. Cikistan girise yansimalarin
en diisiik diizeye indirilmesi i¢in kaskod topoloji en yaygin kullanilan diisiik giiriiltiili
kuvvetlendirici yapisidir. Endiiktif dejenerasyon ise hem giiriiltii hem giris empedansi
eslestirmesinin ayni anda yapilmasi i¢in en uygun topolojidir. Emetérdeki endiiktor ile
giris empedansi ayarlanirken, baza seri olarak gelen endiiktér hem giris empedansinin
imajiner kisminin hem de giiriiltii eslestirmesinin ayarlanmasmda kullanilmaktadir. EK
olarak giris empedans eslestirmesi ve kazancin iyilestirilmesi i¢in Kkutuplama
endiiktorii kullanilmistir. Bu endiiktor kiigiik isaret esdegerinde girigse parallel gelip,
girigten goriilen empedans degerinin arttirilmasmda kullanilmis bdylece dejenerasyon
endiiktansinin  daha kiigiik secilebilmesine imkan tanmmistir. Dejenerasyon
endiiktansinin degeri kiigiildiikge gerilim kazanci artmaktadir. Boylelikle tek katta
daha yiiksek kazang elde edilmistir. Ayn1 zamanda girise parallel gelen bu kutuplama
endiiktorii sayesinde girise seri gelen baz endiiktoriinlin degeri de kiigiiltiilmiistiir.
Girige seri gelen baz endiiktoriiniin seri direnci de giiriiltiiye sebep oldugundan bu
endiiktoriin degerinin kiiciiltiilmesi giiriiltii faktoriiniin azalmasini saglamistir.

Cikis empedans: eslestirmesi bir direng, bir endiiktdr ve bir kapasite elemani ile
yapilmustir. Endiiktor ve kapasitenin rezonans frekanst devrenin calisma frekansi
olarak secilmistir. Teknoloji sarmal (spiral) endiiktorlere izin vermediginden ve
sarmala en yakin endiiktorlerin kalite faktoriiniin daha iyi oldugu bilindiginden,
sekizgen endiiktorlerin tasarimi yapilmistir. Kalite faktoriiniin yiiksek olmasi diisiik
giiriiltitye ulagsmakta kritik bir faktordiir.

XXVi



Literatiir arastirmas1 6zellikle diisiik sicakliklarda diisiik giirtiltiilii kuvvetlendiricilerin
kutuplama gerilim ve akimlarinin degistirilmesi ihtiyacin1 gdostermektedir. Diisiik
giiriiltiilii kuvvetlendiricinin kriyojenik ortamlara ve i1smima uyum saglayabilmesi
icin, kutuplama gerilimleri direkt olarak baglant1 ayaklarindan (padlerden)
alinmaktadir. Tasarlanan CMOS diistik giiriiltiili kuvvetlendirici 25 mW giig
tilketirken, 15 dB’den yiiksek gerilim kazanci ve 2.6 dB giiriiltii faktorii saglamaktadir.
Giris ve ¢ikis empedanslari, giris ve ¢ikis yansima katsayilari (sirasiyla Si1 ve Sz2) —10
dB’den kiiciik olacak sekilde eslestirilmistir. Diisiik giiriiltiili kuvvetlendiricinin
kararlilik benzetimi yapilmis ve tiim frekanslarda K kararlilik kriterinin birden biiyiik
olmasi saglanmistir. Diisiik giiriiltilii kuvvetlendiricinin dogrusalligi (lineerlik)
ticlincli dereceden kesisim noktasi (third-order intercept point, IP3) benzetimi ile
gozlenmistir. Giriste ti¢lincii dereceden kesisim noktasi (input third-order intercept
point, 11P3) —2.24 dBm olarak Sl¢iilmiistiir.
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1. INTRODUCTION

Low noise amplifier (LNA) is first stage of receiver circuits. A superheterodyne
receiver circuit, shown in Figure 1.1, consists of an antenna, a RF filter, a low noise
amplifier, a mixer and a voltage controlled oscillator (VCO). Ideally, the signal
received by the antenna is filtered and amplified by causing minimum degradation in
signal to noise ratio (SNR). Thereafter, the signal frequency is converted to baseband
through the demodulation by mixer where the center frequency is generated by the
voltage controlled oscillator. Finally, the signal passed to digital signal processor unit.
LNA is responsible here for amplifying the signal while adding as little noise as
possible. Also, because the signal comes to LNA from the antenna, input power

matching is very critical to avoid reflections at the input.

Mixer

' Digital
& . ‘ Signal

‘ Processing
RF Filter

VCOo

Figure 1.1 : Block diagram of a superheterodyne receiver

Low noise amplifiers receive signals with low signal-to-noise ratio (SNR) values.
Consequently, it is essential to amplify these signals by adding little noise before
transmitting to the next stage. Moreover, as shown in Figure 1.1, the receiver system
is composed of building blocks that are cascaded. Friis formulated [1] the noise

contribution of each cascaded stage to the total noise of the receiver system as (1.1)
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(1.1) depicts that, the noise contribution of the stages after first are reduced by the gain
value of previous stages. As the first stage of the receiver chain, noise figure of the
LNA dominates the noise figure of the whole receiver system.

Low noise amplifiers are also used in space communications and radio astronomy [16].
Space electronics conditions can be listed as cryogenic temperatures and radiation.
Performance improvement of transistors at cryogenic temperatures makes the design
of LNAs at cryogenic temperatures more interesting [14]. There are studies in this area
using SiGe and HEMT transistors indicating that LNAs designed at room temperature
can also provide satisfactory performance at cryogenic temperatures [15]. Cryogenic
performance of CMOS is investigated for a long periode. However, CMOS LNAs are

interestingly rarely investigated at cryogenic temperatures.

There are also further studies on radiation robustness of RF circuits based on SiGe and
HEMT devices [29]. Radiation effects on electronics circuits are divided into two
sections such as single event effect (SEE) and total ionization dose (TID) [58, 59].
Since low noise amplifiers are mostly affected by TID, TID effects of radiation are
studied in the scope of this thesis. Radiation robustness of CMOS circuits is an ongoing
research area [54, 60]. These researches mostly focus on digital and mixed-mode
performance, leaving an RF circuits area intact. SiGe and HEMT devices are claimed
to be more radiation tolerant by the nature, however there are different types of CMOS

design that improve the performance of the circuit under radiation [14, 61-63].

LNAs can be employed in discrete circuits, monolithic microwave integrated circuits
(MMIC) and integrated circuits. Their main performance metrics can be listed as noise
figure, gain, input and output reflection coefficients, stability and linearity. Even
though the output impedance matching may not be necessary, if the LNA is going to
be measured separately, it is still very critical for stability, since strong reflection

waves at the output can sneak through the LNA input causing stability problems.

LNA performance mainly depends on the device technology and the design strategy.
Even though the design strategy can improve the performance, mostly the device
technology defines the borders of the results. Thus, technology selection and design

optimization according to that technology is very important.
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1.1 Purpose of Thesis

Space applications such as space communications require radiation hardened circuits
that can work at cryogenic temperatures. The purpose of this thesis is to design an
LNA for space applications to be tested at room temperature, cryogenic temperatures
and under radiation. Designed LNA has been taped out and it is at the production stage.
Thus the literature, design target and the LNA performance based on the post layout
simulations with the available models are included in this thesis. After generic
introduction to cryogenics and radiation the thesis focuses on the CMOS LNA design,
including the methodology followed and the resulting performance. UMC 0.18 um
Mixed-Mode/RF technology is used in the LNA design.

Frequency bands of space communications are reported in Deep Space Network of
California Institute of Technology document [66]. 7145-7190 MHz is designated to
the uplink frequency band (from earth to space) in the X-band. Since LNAs are located
in receiver systems, this LNA should receive the signal at space in 7145-7190 MHz
band. Frequency band is enlarged 500 MHz at both limit considering process
variations and modelling errors. Therefore, frequency band of this LNA is specified as
66707670 MHz.

This thesis is a part of the TUBITAK project “Analog and Radio Frequency Metal-
Oxide—Semiconductor—Field—Effect—Transistor (MOSFET) Modeling and Integrated
Circuit Design for Space Research”. The main goal of this project is to model of
transistors at cryogenic temperatures and under radiation and improve the performance
of RF circuits operating in such extreme environment. Specifications of the LNA is
designated as the voltage gain of 15 dB, noise figure of 1 dB at 80 K. Input and output
reflection coefficients are targeted to be lower than —10 dB. The output IP3 is desired
to be —10 dBm while the amplifier consumes a total power of 40 mW. Since below 1
dB noise figure is unattainable at room temperatures with the available technology, it
is aimed to reach the lowest possible noise figure in this study. The noise figure is

estimated to drop below 1 dB at cryogenic temperatures.

Firstly, a test chip is designed to extract the transistor models. Currently, this test chip
is being measured to extract transistor characteristics. Afterwards, a LNA design will
be done with the available models. This LNA is in the production process and is going

to be measured both at room and cryogenic temperatures and under radiation. These
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measurements will represent the LNA performance under space conditions and
provide the designer with experimental insight for a better design. Finally, a new LNA
will be designed with the new models, and its performance will be compared with the
LNA designed in this thesis. As stated before, this thesis includes the design of 7 GHz
LNA by adopting a classical design approach with existing models from UMC to be

able to make a fair assessment on the performance of a classical LNA.

1.2 Literature Review

CMOS low noise amplifiers exhibit good performance of gain and noise under normal
circumstances. General design methodologies have been extensively studied in many
great books such as [10,27,57] and good papers such as [11,17-25]. Cryogenic and
radiation performances of different LNASs also indicate that this area is open to further
research [42-45, 48-54, 67-69].

1.3 Hypothesis

CMOS device performance is proven to improve at cryogenic temperatures for various
design properties [28,30,31,37,38]. Moreover, CMOS devices that have an oxide
thickness lower than 10 nm is claimed to be radiation tolerant to a total ionization dose
(TID) of 300 kRad [55]. However, these findings are based on results of limited studies
whose implementation is not executed prevalently. For example, there are other studies
claiming that CMOS is vulnerable to radiation [56]. This study accredits the modelling
of transistors under space conditions will improve the designed LNA performances.
Thus, as a part of this thesis, the design of an LNA with classical models and methods
are performed, showing good performance in the outcomes of post-layout simulations.
The design of this LNA will present the reader a perspective on the CMOS LNA design
with a 0.18 pm technology. A 7 GHz, 15 dB gain, 2.6 dB noise figure, 13.6 dBm OIP3
low noise amplifier is designed with a power budget of 25 mW. The designed LNA

yields good performance compared to its counterparts in 0.18 um device technology.

1.4 Thesis Organization

The first chapter introduces the project that the thesis is a part of and the work done in

this thesis. While presenting LNAs, it discusses the role of LNAS in receiver systems
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and its design requirements. Low noise amplifiers in extreme environments is
investigated in the second chapter. The analysis starts with the device performance at
cryogenic temperatures and under radiation, then it continues with LNAs in the same
extreme environment conditions. This chapter summarizes previous work on LNAs at
cryogenic temperatures and under radiation. Third chapter starts with the traditional
CMOS LNA design methodology including as well as the noise theory, gain and
matching theories. Subsequently, the design steps of 7 GHz LNA is presented. Lastly,
the conclusion of the thesis is presented with what has been accomplished in the design
and what the future encompasses.
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2. LOW NOISE AMPLIFIERS IN EXTREME ENVIRONMENTS

Extreme environment definition span for where ambient temperatures ranging from the very
low to very high, and for the environments in which radiation doses are high. Those
environment conditions eventually effect electronic devices. Robust design of electronic
devices tolerant to these extreme environment conditions is an extensively studied topic.
However, these studies mostly focus on technologies such as Silicon-Germanium (SiGe)
heterojunction transistors (HBT), Gallium-Arsenide (GaAs) and Indium-Phosphide (InP) high
electron mobility transistors (HEMT). These devices perform well at cryogenic temperatures
and they are relatively robust to radiation. Investigation of CMOS devices in extreme
environments scarcely inquired topic, however low cost and high integration capability of
CMOS provides a substantial motivation for research. In this chapter, RF design case studies
for extreme environments will be briefly reviewed. Firstly, electronic devices that are used in
RF designs and their performance in extreme environments will be discussed. Then, previous

research on low noise amplifiers in extreme environment will be comparatively examined.

2.1 Devices and LNAs at Cryogenic Temperatures

This section includes the general research of LNAs and transistors at cryogenic temperatures
for the purpose of LNA design. Investigation of transistor performance at cryogenic
temperatures dates back early in the electronics history. Historically, performance of CMOS
transistors was investigated first. However, as technology becomes diverse, SiGe and HEMT

devices have been discovered to present better RF performance than their CMOS counterparts.

2.1.1 Devices at cryogenic temperatures

Research on performance changes of electronic devices is an important topic for many
applications such as radio astronomy, space electronics and high speed electronics. Cryogenic

response of CMOS devices was a hot topic back in the 80s and 90s. However, with the rapid

35



improvement of other technologies such as SiGe HBT and HEMT devices, these devices have

taken over the place of CMOS especially in RF circuits.
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Figure 2.1 : Current gain improvement of SiGe devices in history [29]

The potential of SiGe HBTs have been extensively studied by Cressler [29], showing that SiGe
HBT devices are promising for cryogenic circuit design. Moreover, this study is supported with
more studies [15, 42-45] on the design of LNAs. As stated in [29], cooling these devices
improves the critical properties such as current gain () and cut-off frequency(fr). As seen in
Figure 2.1, current gain increases with the Ge implantation to Si devices. It is stated that with
proper bandgap engineering of SiGe compositions, performance of HBT devices at cryogenic
temperatures can be significantly improved. Furthermore, a special SiGe HBT named “emitter-
cap” optimized at 77 K has been tested to yield much better performance at cryogenic

temperatures. Figure 2.2 depicts the improvement of current gain of this device.

In addition to the development of SiGe HBT technology, HEMT technology also improved in
cryogenics. There are many studies on the performance of circuits and systems designed with
HEMT devices in the literature. [46-49]. As stated in [46], HEMT drain current and
transconductance increases as temperature decreases. Figure 2.3 shows the drain current and

transconductance graphs of a Gaos1lno.49P/GaAs HEMT device whose size is 1 um x 150 um.
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Measurements of this device is done by varying gate-to-source voltages at 300K and 77 K when
a fixed drain-to-source voltage of 3 V bias applied. Further studies have taken place in the
literature on the cryogenic performance of HEMT devices such as [47-49]. For example, a
comparison of HEMT and GaAs FET devices is done in [47], showing that HEMTs have
relatively better noise figure performance compared to GaAs FETS.
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Figure 2.2 : Current gain improvement of a SiGe HBT which is optimized for operation at 77
K [29]
As discussed above, cryogenic performance of SiGe, GaAs FET and HEMT devices were
conducted extensively in the literature, concluding their superior performance at cryogenic
temperatures. However, these technologies are more sophisticated and expensive compared to
CMOS technology. Performance improvement of CMOS devices at cryogenic temperatures can
reduce the cost and enable the cryogenic circuit design in a wide range of applications. Thus,
investigation of CMOS performance at cryogenic temperatures can be leveraged in RF circuits

which stands out as a source of motivation for this work.

Performance of CMOS devices at cryogenic temperatures is an extensively investigated topic
since 1970s [28-41]. Different transistor quantities such as the drain current, transconductance,
cut-off frequency, mobility, threshold voltage, subthreshold swing, aging effects and etch have

been considered. Mostly, analog and mixed-signal designs are aimed in these studies, and
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research on RF characteristics of CMOS devices at cryogenic temperatures is still ongoing. In

particularly, design of CMOS LNAs for cryogenic applications deserves further attention.
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Figure 2.3 : Drain current and transconductance characteristics of a HEMT device at 300 K
(above), at 77 K (below) [46]

One of the fundamental outcome of this research states that, as temperature decreases, the drain
current of MOS increases [28-30, 36-38]. Figure 2.4 demonstrates this observation by
presenting the drain current increase from 300 K to 77 K from the simulated data of based on
an extensive modelling approach. However, author states that more measurement verification
is needed for this research [38]. Figure 2.5 shows the drain current measurements of Si CMOS
devices from the 0.5 um SiGe BICMOS process. This figure shows that as temperature
decreases from 300 K to 43 K, the drain current increases for the same bias conditions. This

observation has been attributed to the increase of the carrier mobility [14]. The most recent
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study compares the drain currents of 0.16 um and 40 nm technologies for both NMOS and
PMOS devices at 300 K and 4K in Figure 2.6 respectively [35].
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Figure 2.4 : Model simulation results for the drain current of an NMOS device vs. its drain

Figure 2.5 : Measurement results for the drain current of an n-channel and p-channel MOS

voltage at (a) 77 K and (b) 300 K [38]
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Figure 2.6 : Measurement results for the drain current of NMOS and PMOS devices vs. their
drain voltages for different temperatures in Kelvin by measurements for (a) 0.16 um
technology and (b) 40 nm technology [35]

Similar to drain current, transconductance (gm) of MOSFETS are shown to increase with the
decreasing temperature. It is stated in [30] that as the temperature decreases, transconductance
and effective oxide thickness (EOT) multiplication increases with diminishing temperatures
until 100 K as in Figure 2.7. However, further reduction of temperature, decreases the
transconductance due to carrier freeze-out. In Figure 2.7, SiO, and HfO> devices are compared,
but they have different effective oxide thickness. Thus, transconductance is multiplied with the

EOT to have a fair comparison of the transistors that have different EOT.

Similarly Figure 2.8 depicts that, the cut-off frequency increases as temperature decreases, until
100 K, after which it drops due to the carrier freeze-out [30]. As temperature decreases dopants
cannot be fully ionized and density of ionized carriers gets smaller leading to increased
resistivity. For example, for a device that the majority carriers are electrons, below certain
temperature electron density falls below the acceptor density. This reduction in carriers is
shown in Figure 2.9 and called as carrier freeze out [38-41]. Although these comparisons show
that high dielectric oxide transistors show better performance compared to the SiO2 devices,
improvement of SiO, devices is also inevitable. Figure 2.9 also indicates to the performance
differences between HfO, and SiO; devices, with HfO, based transistors having larger fr but

smaller gmXEOT product for all temperatures.

Carrier mobility of MOS devices is critical at cryogenic temperatures and has been studied
since 1970s [38-41]. These studies indicate that as the temperature decreases, carrier mobility
increases. Nonetheless, for very low temperatures below 100 K, carrier mobility starts to drop.

This effect is also associated with the carrier freeze out problem. It is stated that in highly doped

40



devices carrier freeze out happens at lower temperatures compared to lightly doped devices
[28,37]. Carrier freeze-out problem is also dependent on the device technology and a recent
study [36] suggests that carrier freeze-out is not a problem for new technology devices.
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Figure 2.7 : Transconductance and EOT product change of an NMOS with respect to
temperature [30]
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Figure 2.8 : Cut-off frequency change of an NMOS with respect to temperature [30]

Change of the threshold voltage with temperature is investigated in various papers. Figure 2.10
shows that threshold voltage increases with different channel lengths as temperature decreases
[37]. In another study [38], for two different drain bias (UD=0.1 V & UD=2 V) and two
different temperature values (T=77 K & 300 K), change of the threshold voltage with respect
to changing channel length values are drawn in Figure 2.11. For long channel devices, threshold
voltage is 580 mV at 77 K, while it is 340 mV at 300K.
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Figure 2.10 : Threshold voltage of an NMOS device vs. channel length for different
temperatures in Kelvin [37]

As stated before, a test chip is designed to measure the differences of the transistors at room
and cryogenic temperatures in the scope of this thesis. RF NMOS transistors are measured at
293 K and 80 K and results are shown in Figure 2.12 and 2.13. Channel width of the transistor
is 35 um while the channel length is 0.18 pum. Figure 2.13 implies that the threshold voltage

increases as the temperature decreases. Eventhough the threshold voltage increases, because of
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an effective increase in the carrier mobility, the drain current of the RF NMOS transistor

increased at cryogenic temperatures as given in Figure 2.12. Thus, measurement results verify
the reported trends in previous studies.
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Figure 2.11 : Threshold voltage of an NMOS device vs. channel length for 77 K & 300 K
[38]
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Figure 2.12 : Ip vs. Vps graph of RF NMOS at 293 K and 80 K (Ves =1.8 V)

Since research is mostly interested in digital performance, most of the topics of research on
CMOS are subthreshold swing, hot carrier injection, and etc. For RF designs the current density

and transistor capacitances are of paramount importance. MOS capacitances at cryogenic
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temperatures have not been analyzed in depth. To the author’s knowledge only one study states
that the MOSFET gate capacitance is somewhat higher in the inversion region at 50 K, than it
was at 300 K. Moreover, MOSFET gate capacitance changes drastically in the accumulation
region especially for higher frequencies. The graph of the gate capacitance is given in Figure
2.14 [32]. This indicates a special care for RF design at cryogenic temperatures must be taken

into consideration.
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Figure 2.13 : Ip vs. Vs graph of RF NMOS at 293 K and 80 K (Vps=1.8 V)
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Figure 2.14 : Unit gate capacitance (Cg) vs. gate voltage (V) at temperatures (a) 50 K and
(b) 300 K [32]
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Aging effects such as hot carrier injection (HCI), negative-bias temperature instability (NBTI)
and positive bias temperature instability (PBTI) are getting worse in CMOS devices as
temperature decreases. However, these topics are not in the scope of this thesis.

To summarize for the same biasing conditions, following observations can be made in a SiGe

HBT device at cryogenic temperatures:
e Its collector current increases (improvement)
e Its current gain increases (improvement)
e Noise contribution of the device decreases (improvement)
Similarly, for the same bias conditions HEMT devices undergo the following changes:
e Itsdrain current increases (improvement)
e Its transconductance increases (improvement)
e Noise contribution of the device decreases (improvement)

Finally, for the same biases underlies CMOS device exhibits the following characteristics at

cryogenic temperatures:

e Itsdrain current increases (improvement)

Its transconductance increases (improvement)

Its cut-off frequency increases (improvement)

Its threshold voltage increases (degradation)

Its thermal noise decreases (improvement)

Aging effects such as HCI, NBTI and PBTI aggravate (degradation)

2.1.2 LNAs at cryogenic temperatures

Nearly all of the research on cryogenic LNAs have been conducted using SiGe and HEMT
device technology. While their superior performance is the main reason for this choice in
general, their expensiveness remains as an obstacle in the widespread adoptions in cryogenics.

Conversely, CMOS technology is dominating the electronics industry and is a more economical
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technology that can be utilized more easily to promote scientific researches and commercial

products. Thus, there is a growing potential of CMOS devices cryogenic applications.

Before an in-depth discussion of cryogenic LNAs, definition of the noise temperature should
be explained. Noise temperature is another way of expressing the available noise power
introduced by a component or a system. It is used to define the noise measure when generally
low noises exist. Since the noise in the electronic circuits are not determined, they can be
represented as a Johnson-Nyquist noise source. Thus, defining the noise source in terms of the
noise temperature that would generate the same amount of noise power spectral density is valid.
Noise temperature and noise figure relation is given in (2.1). Ambient temperature usage is very
common, when noise temperature measure is also used to inhibit the confusion. Ambient
temperature can be defined as the temperature of the environment that the circuit is located. In

addition, noise temperature is strongly depended on ambient temperature.

NF :10I09(% +1)

ref

(2.1)

2.1.2.1 SiGe based LNAs

Due to superior transistor properties of SiGe technology at cryogenic temperatures as explained
in section 2.1.1, SiGe LNAs have yielded promising outcomes [29, 42-45]. The SiGe LNA in
[51] shows 4 dB average gain increase and nearly 100 K drop in noise temperature at cryogenic
temperatures as shown in Figure 2.15. The comparison of noise temperatures of SiGe LNAs at
cryogenic temperatures is given in Figure 2.16 shows that very low noise temperatures as 5 K

are achieved at cryogenic temperatures as low as 15 K.

A SiGe LNA is measured at different ambient temperatures 293 K, 200 K, 80 K, 40 K and 15
K in [43], demonstrating nearly linear noise temperature decrease as the ambient temperature
decreases. (Figure 2.17) This result is compatible with the expectations since the dominant
noise source in LNAs are temperature dependent. However, the outcome of this study is
important in another aspect such that whether noise match condition of this LNA is not
deteriorated by the temperature decrease hence the DC operating point change, or temperature

decrease is more effective on noise even noise match is no longer ensured. Moreover, Figure
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2.17 depicts that when the collector current is increased, noise temperature decreases, showing

a better noise match.
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Figure 2.15 : Gain increase and noise temperature drop of a SiGe LNA at cryogenic
temperatures [51]
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Figure 2.16 : Summary of SiGe LNA noise temperatures [49] of the SiGe LNAs reported in
[42], [50], [43], [51] and [52]
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Figure 2.17 : Noise temperatures of an SiGe LNA at various ambient temperatures [43]

Two SiGe LNAs have been compared in [15] is shown in Figure 2.18. First LNA (a) is

optimized for low power consumption, and the second LNA (b) is designed for less than 1.5 dB

noise figure. The LNA in 2.18 (a) has lower noise figure and nearly 5 dB higher gain at 15 K

ambient temperature, with respect to its performance at 300 K. However, the second LNA

exhibits a decrease in gain with a reduced noise figure. This is interpreted by the authors that

power constrained design performs better, since currents increase when the temperature is

lowered [15].
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Figure 2.18 : Comparison of gain and noise temperatures of two SiGe LNAs at 300 K and 15

K [15]

48



2.1.2.2 HEMT based LNASs

HEMT devices are widely used in monolithic microwave integrated circuit (MMIC) LNA
design. Performance of an HEMT LNA in cryogenic temperatures is given in [52]. Figure 2.19

depicts that the gain of this low noise amplifier is increases at lower temperature.
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Figure 2.19 : Gain improvement with the temperature decrease in an LNA designed with
HEMT devices [52]

Noise figure and gain improvement of another HEMT LNA is given in Figure 2.20 [53]. This

result also indicates that HEMT LNAs have improved performance metrics at cryogenic

conditions.
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Figure 2.20 : Noise figure and gain improvement with the temperature decrease in an LNA
designed with HEMT devices [53]
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As explained before and shown in the Figures 2.15-2.20, SiGe and HEMT devices yield better
performances at cryogenic temperatures than at room temperatures due to the improved device

properties as seen in Figures 2.1-2.4.

2.1.2.3 CMOS based LNASs

Research of CMOS LNAs at cryogenic temperatures is much scarce compared to HBT and
HEMT based LNAs. To the best of author’s knowledge, the only LNA designs that are tested
at cryogenic temperatures were provided in [34] and [35]. The first one is a low noise CMOS
readout preamplifier designed for cryogenic temperatures cited in [34]. Measurement results of
this preamplifier is shown in Figure 2.21. It is stated that the equivalent noise is lower than

0.5nV / vHz at 20 kHz and the flicker noise (1/f) is dominant in these frequencies at cryogenic

temperatures. Gain of the amplifier is also shown in Figure 2.21 (b), however the comparison

of these metrics to room temperature measurements are not presented in the study.
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Figure 2.21 : Equivalent input noise (a) and gain (b) of the pre-amplifier at 4 K [34]

The second one is a very recent study that has reported measurements of a CMOS LNA at
cryogenic temperatures, with no noise figure measurement being included [35]. The paper
reports only the gain measurement (Figure 2.22) of the LNA at liquid helium temperature and
that states noise figure is expected to be 0.009 dB which cannot be measured due to the
experimental deficiencies. They attribute this very low noise figure to noise cancellation and 4
K ambient temperature. Finally, it has been mentioned that the designed LNA operates until 1.2

GHz and does not include any inductors.
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Figure 2.22 : Schematic of CMOS LNA with noise cancelling and measured gain at 4 K [35]

2.2 Devices and LNAs under radiation

Electronic circuits need to be robust against radiation damage to be able to work in space. For
LNAs, the foremost radiation impact comes from total ionization dose (TID). lonising radiation
(ionizing radiation) is radiation that carries enough energy to free electrons from atoms or
molecules, thereby ionizing them [64]. Total ionization dose should be applied with Co-60
sources homogenously according to European Space Agency (ESA) [58]. There are also

different irradiation types that are used to test radiation robustness of RF circuits such as X-ray

and proton radiations.
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2.2.1 Devices under radiation

Research on radiation damage to electronic devices has been mostly done considering SiGe and
HEMT circuits. Research with CMOS circuits focus concentrated on the digital or mixed mode
designs mostly. There are many gaps in the research of RF circuits designed with CMOS
technology under radiation. Transistor performance affects the design of the circuits
preeminently. Thus, investigation of transistor performance under radiation is an important step

in the design of radiation-hardened circuits.

Research of SiGe HBTSs under radiation shows that SiGe technology is very robust to radiation
as given in [29]. Figure 2.23 indicates that the cut-off frequency performance of different
generations of SiGe HBTSs at pre-radiation and post-radiation, and it can be seen that the cut-
off frequency is only slightly degraded by radiation.

400 1 I LA I T T T TTTT i I T LI
" Vcg=1.0 (5HP,7HP,8HP) )
350 [ voom0.5v (9T) 09 %0 T
- 300K /0 D“g\o 1
= 300 - A B
=
3 i /Ei/ L
> 250 /H/ —
& i 8HP i
2 200 [ /3; /D..—DU o. .
;I:c; 150 o pre-radiation /gﬂf |
E=) L A 7x10"%p/em? Y
S 100 [ O 5x10"%plem? ﬁ;@p:&'@ THP ]
B o Peaa ]
50 M@ ch SHP % |
0 1 | L1 111l I 1 1 L1 11l i 1 1 L1
0.1 1.0 10 100

Collector Current Density (mAr‘um2)

Figure 2.23 : Cut off frequencies of SiGe HBT devices with different technologies given pre
and post-radiation [29]

HEMT devices are also investigated under radiation, and exhibit good performance under total

ionizing doses. As shown in Figure 2.24, drain current of PHEMT device does not change until

total dose exceeds 100 Mrads. In this figure, applied drain voltage is 2 V and initial drain current

is 8 mA for DC operation. In standby operation drain voltage is not changed, however gate

voltage is adjusted to -2 V.
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Figure 2.24 : Post and pre-radiation drain current ratio and pinch-off voltage (Vp) of a

CMOS devices are examined under radiation extensively in the literature. Main subject of these
studies, which begin in late 70s, are DC characteristics of MOS transistors such as drain current
and threshold voltage. Figure 2.25 shows the drain current graph of a MOSFET whose channel
length is 0.7 um. It is stated that as the radiation dose increases drain current at a constant gate
voltage increases. This also illustrate that the threshold voltage is decreasing as the radiation

dose increases. This effect is also shown in Figure 2.26 clearly for different channel lengths
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[67]. Radiation effects on MOS devices are summarized in [60] as below:

Decrease of transconductance

Threshold voltage shift

Increase of leakage currents

Reduction of drain-source breakdown voltage
Deterioration of noise parameters

Reduction in surface mobility

Increase of the surface recombination velocity
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Figure 2.25 : Drain current vs. gate voltage for a MOSFET at various radiation doses [67]
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Figure 2.26: Dependence of threshold voltage on radiation dose for devices with various gate
lengths [67]

There are methods to compensate radiation effects such as double guardring, enclosed layout

transistors (ELT) and thinner gate oxides. Thinner gate oxides are achieved with today’s

technology and CMOS devices are more robust to total ionization dose irradiation. Enclosed

layout transistors and double guardring structures mostly focus on minimizing the leakage

current increments caused by radiation. Enclosed layout transistor is constructed as in Figure
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2.27 so that field oxide traps cannot occur at drain side, also parasitic devices, which cause latch

up, are precluded [64].

(a) (b)

Figure 2.27 : Enclosed layout transistors (a) square and (b) octagonal shaped

2.2.2 LNAs under radiation

Radiation robustness of low noise amplifiers is an underinvestigated topic. Few study lay
emphasis on durability of RF circuits to gamma radiations. Some studies adopt X-ray and some
use electron and proton radiations. Since investigation of LNAs is divided under three
categorizations as HEMT, SiGe HBT and CMOS, radiation performance can also be examined

for these blocks.

An LNA which is designed with pHEMT device shows a stable performance to total ionization
dose generated by a Co-60 gamma ray source. Figure 2.28 indicates that gain of this LNA does
not change till 10 Mrad, and starts to degrade after that dose. At 1 Grad irradiation, reduction
of the gain reaches to 2 dB. This figure also includes the noise figure performance, showing

that nearly no change in noise figure at all radiation doses.
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Figure 2.268: Post and pre-radiation gain and NF of a PHEMT LNA under total dose
radiation [65]
As stated before, SiGe devices are naturally invulnerable to radiation. An SiGe LNA
performance under 6.7 Mrad proton radiation is shown in Figure 2.29. It is observed that this
LNA is nearly not affected by radiation. However, there is another study that state gain of SiGe
LNA degrades with radiation of 1 Mrad X-ray. (Figure 2.30)
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Figure 2.29 : Post and pre-radiation gain and NF of a SiGe LNA under total dose radiation
[68]
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Figure 2.30 : Post and pre-radiation gain and NF of a PHEMT according to total dose [69]

Examination of CMOS LNAs under radiation is not performed to the author’s knowledge.
Nonetheless a study states that CMOS LNAs that are designed with NMOS devices of annular
layout (a different name of ELT or octagonal shaped ELT) are naturally durable to 500 Krad
[54]. Figure 2.31 indicates that the noise figure and gain of an annular NMOS LNA at pre-

radiation and post-radiation is nearly the same.
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Figure 2.31 : Gain and noise figure of a 0.13 um CMOS LNA using annular devices at pre
and post-radiation [54]
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3. LOW NOISE AMPLIFIER DESIGN

3.1 Introduction to LNA Concept

Low noise amplifier (LNA) is first critical stage of the receiver circuits. A superheterodyne
receiver circuit, as explained in the first chapter and seen in Figure 1.1., consists of an antenna,
an RF filter, a low noise amplifier, a mixer and by a voltage controlled oscillator (VCO). The
role of the LNA in this system is to amplify the signal by adding minimum noise. As (1.1)
illustrates, the overall noise figure of the system is dominated by the noise figure of the LNA.
While presenting the minimum noise figure possible, low noise amplifiers should also have a
high gain to amplify the weak signals received, to reduce the noise contiributions of the
following stages. Moreover, because they are located in the system right after the antenna, their
input impedance should be matched to the antenna impedance to avoid reflections at the input.

Powerful reflection waves at the input of the LNA can cause LNA and system to be unstable.

Low noise amplifiers are used nearly in every communication system, and space
communications is one of them. LNAs that are going to be used for space communications and
radio astronomy should have specific features in addition to the explained properties earlier

such as radiation robustness. They also should be able to work at cryogenic temperatures.

In this thesis, UMC 180 nm technology is used to design a 7 GHz Low Noise Amplifier (LNA).
This LNA is designed for test purposes at room temperature and cryogenic temperature of 80
K as well as under radiation. Firstly, transistors of the available technology are examined, and
cut-off frequency and noise figure performances are reviewed through simulations. Since LNAs
are one of the most critical building blocks of receiver systems, their optimization is a
thoroughly deliberated topic. In light of the previous studies, optimization steps are shown
through simulations, and their comparison is done with the theoretical foundations which

demontrates how far theory works in the design.
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After investigation of transistors, a classical cascode topology is assembled and optimum noise
match is achieved. Subsequently, input power match is sought out while achieving the least
degradation in noise figure. At this point in design, gain of the LNA is also protected by the

designer not to move away from the desired value.

After achieving the desired design parameters with ideal elements, the next step is the
realization of inductors. Simulations are conducted to improve the design. Layout issues are
briefly discussed and the design is finalized with post layout simulations. Literature survey
shows that the design is comparable with the most recent research body.

Low noise amplifier design is studied extensively in the literature. In this chapter, it is aimed to
clarify the formulas and underlying theory with simple simulations and finalize the design with
a step-by-step LNA design methodology. As stated before, noise is the most important design
parameter that leads the name to the circuit LNA, so firstly a brief explanation of noise will be
provided. Design methodology will be based on this theory.

3.2 Theory of LNA Design

Low noise amplifiers are used to amplify the signal with minimum noise degradation. However,
to amplify a signal with minimum noise degradation, there are more important contraints that
should be satisfied such as the input reflection and stability. For the LNA in this thesis output
reflection is also important because if there are strong reflection waves at the input and output
of the LNA, those can cause instability. If there were a mixer following the LNA, output
reflection were not going to be the issue of this design [27]. Hence, we will investigate the

noise, gain, input and output reflections, reverse isolation and the stability of the designed LNA.

3.2.1 Noise of LNA

It is important to define the terminology that is common in LNA design. Noise factor (F) is a
measure of a system’s noise degradation in terms of signal-to-noise ratio [27]. Signal-to-noise
ratio (SNR) is defined as the ratio of average signal power to average noise power in a particular
bandwidth.
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SNR _ I:)signal
=5 (3.1)

noise

Noise factor is ratio of the input SNR to output SNR [9].

- _ S\R,
" SNR, (3.2)

Noise figure is equal to the noise factor given in decibels.
NF =10|Og(|:) (3.3)

Classical two port noise theory gives us a good understanding of the noise contribution of any
two port linear system, which is the case for our amplifier. Extensive analysis of noise in linear

two ports are done in [3] by Haus et al yielding (3.9).
A noisy two port can be modeled by a noiseless two port and two noise sources in the input

which are e? and iz as in Figure 3.1. Noise is modeled with two sources in the form of a noise
voltage and a noise current, and they are in correlation with each other. This expression helps
for any situation, for example, if the input of the amplifier is shorted the noise current is also
shorted out but noise is represented with the voltage source, and similarly if the input is open

circuited, the noise voltage is canceled out, but noise is represented by the noise current [27].

2

e

Noisy Linear . NO.iseless
Two Port = Linear
| Two Port

Figure 3.1 : Noisy two port modelling

Another definition is noise figure is the ratio of total output noise to output noise due to the
source as in (3.4). is is source noise, Ys is source admittance and i and e are the noise current
and noise voltage of the noisy linear two port respectively. Calculation is done with currents,

thus noise voltage multiplied with Y's translates to a current quantity.
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iZ+fi+Y, el i+Y, e
F= 7z =1+ 2 (3.4)

S S

Assuming internal noise and source noise is uncorrelated and separating uncorrelated and
correlated parts of noise current as iy and i-iy=Y,.e respectively, equation is derived to (3.5)
where Y, is the correlation admittance.

.2 2 9
7Y+ e
F = i2 (35)

S

Since i, = 4kT,G,Af , iF = 4KT,G,Af , €® = 4kT,R Af, Y, =G, + jB; and Y, =G, + jB, noise
figure further calculated as (3.6) where Gy is uncorrelated noise conductance and R, is the
equivalent noise resistance of the two-port network.

G, + Rn.[(Gs +G,)* +(B, + By)z]

F= G (3.6)

S

The purpose of this calculation is the extraction of optimum source admittance which is

Yoot =Gyt + JB,,: - Optimum source admittance is the source admittance value that makes noise

figure minimum which is Fmin. Source conductance Gs and source susceptance Bs that achieves

minimum noise figure, gets the derivation of noise figure to zero.

oF
oB

_ gives _ _
=0 >B,, =B, =-B, 37)

S

5F ives Gu—i_RnG2
G -0 >Gopt=Gs=,/—R - (3.8)

Consequently, noise figure of linear two port network is obtained as

R
F= I:min +G_n[(Gs _Gopt)2 + (Bs - Bopt)z]

S

(3.9)
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where minimum achievable noise factor Fmin is

I:min =1+ 2Rn [Gopt + Gc:l (310)

As seen in (3.9), for optimum source admittance (Y, ) second term cancels out, bringing down

noise factor (F) equal to minimum achievable noise factor (Fmin) as in (3.10).

Since the design will be done using MOS transistors, a brief examination of MOS noise
parameters is helpful. Noise can be defined as any interfering signal other than the desired
signal. To be more specific, noise is the manifestation of random motion of particles due to
their thermal energy. Electronic circuits generate noise through the random motion of charge
carriers during conduction. As indicated before, LNAs are designed to amplify the signal with
minimum noise contribution. Thus, MOSFETS in LNA design must be carefully examined for
their noise performance. The MOSFET noise sources are generally considered in two parts as
channel thermal noise and induced gate noise [2]. MOSFET noise model is given in Figure 3.2.

1. Channel thermal noise, i,” stems from the charge carriers in the channel constituting

the device current. Hot electrons within those charge carriers causes channel thermal

noise.

iy” = 4KT 79y, (3.11)

In (3.11), k is the Boltzmann constant (1,38x10 % J/K), T is the absolute temperature in Kelvin,
J4, IS the zero-bias drain conductance and y is the coefficient of the channel thermal noise

whose value varies for long channel devices between 2/3 and 1. However, for short channel

devices in saturation y is greater than 2/3 [5-8].

2. Induced gate current noise, i,> which is caused by the fluctuations in the channel ending

ly

up as a physical noise current in the gate.

i)’ =4KT5g, (3.12)
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where,

~ ®’C?
9, = 50, (3.13)

o being the coefficient of gate noise. For long channel devices it is equal to 4/3. gq is the high
frequency non-capacitive value of gate impedance. These noise currents are correlated with

each other through the correlation coefficient c.

22 (3.14)

— )
ggg lng:;D Cgs__; nggs ld
T e

Figure 3.2 : MOS noise model

2 o 2
P =l 8 (1-Icf (3.15)

In the analysis of the two port network, the minimum achievable noise factor, its expression
and the optimum source admittance are investigated. If these expressions are represented with
the MOS transistor parameters and circuit parameters, a design methodology for the optimum
noise factor can be defined. The detailed analysis of the noise parameters for MOS transistors
are done in [11] yielding expressions in (3.4) for Fmin, Gopt, Bopt and R in (3.15), (3.16), (3.17)
and (3.18) respectively.?

1 In these calculations, input impedance of the MOS transistor is assumed to be completely capacitive which is
very acceptable for frequencies well below @, . Additionally, distributed gate noise is neglegted. Consequently,

these approximations and expressional results describe the noise performance of MOS transistors and aid the
designers.
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0
Gy = aCy 5_(1_ C|2) (3.16)

/4
o
Bopt :_a)Cgs [1—a|C| g] (3.17)
R — }/gdo :Zi
" g2 ag, (3.18)
with o being

I

o=——
Jao (3.19)

These equations above show that the noise factor of a MOS transistor depends on the device

size which sets C  as in (3.20),

2
Cy =ZWLGC,, (3.20)

s q

and the bias point which determines g,, as in (3.21) and @; as in (3.22).

sl W 21
Op=—2=,[2uC, [—j' =—2 3.21
éVgs L ° VGS _VT ( )
_ 9n
Wr “C, (3.22)

The classical cascode topology with inductive emitter degeneration gives the optimum noise
figure performance in accordance with the input matching [2]. Thus, we continue our minimum
noise figure design approach by assembling the inductive degenerated MOS as given in Figure
3.3.
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Figure 3.3 : Inductively degenerated MOS transistor

As explained above and understood from the formulas (3.15) through (3.22), noise factor (F)
as well as noise figure (NF) are functions of the drain current density. Hence, minimum
achievable NFnin Value depends on the drain current density and the size of the transistor. NFmin
is the noise figure of the transistor when the optimum source impedance is presented at the
input. Since the source impedance is standard, in the design of LNASs, we try to generate the
optimum source admittance to 50 Q so that the noise match is accomplished. In the design
methodology, firstly the drain current density and the width of the transistor is chosen to get the

minimum NFnmin value. Secondly, inductances should be choosen such that NF converges NFmin.

In general, inductive degeneration is used to simultaneously achieve the input power match and
the optimum noise match [2]. It is emphasized in [12] that the noise figure of an LNA depends
on the design of the amplifying MOS transistor and the losses of the input network. However,
the value of degeneration inductance changes the noise figure, because inductive degeneration
also effects the transconductance of the amplifier as in (3.23). Previous research studies show

that as Ls increases, Fmin increases as well [26].

_ O
1+ ngS

m

(3.23)

As stated in [2], “4 minimum F exists for a particular Q_ > meaning that F can be optimized

with gate and source inductors which can be found using the equations (3.24), (3.25) and (3.26).
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R @
F:1+_g+ll(_0)
TS (3.24)

5 2
7=1+2[c|Q ;‘

da’
= + 71 LZ
; + 5, 1+Q.) (3.25)

Q:a)O(Ls+Lg): 1 206
L R @,R.C (3.26)

s s gs

In conclusion, noise figure of an LNA is optimized through the steps below:

Step 1: Determine the drain current density and the size of the amplifying transistor

according for minimum NFmin.

Step 2: Determine L and L, to equalize NF and NFmin. L is used to bring optimum source

susceptance to zero.

While optimizing the noise figure, one must consider the input matching and the gain. Input

network of an LNA should be optimized both for its noise figure and its input matching.

3.2.2 Input power matching of LNA

Today most used LNA topology is the cascode topology. To suppress leakage from output to
the input of the LNA, a high reverse isolation is necessary [27]. Common gate transistor, which
is cascaded to the common source transistor, reduces the feedback from output due to smaller
parasitic drain-to-source capacitance compared to the gate-to-drain capacitance [57]. Thus, a
basic LNA is provided in Figure 3.4. The next goal is to achieve input match without degrading

the noise figure. The input impedance of a classical cascode LNA can be given as in (3.27).
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Figure 3.4 : Classical cascode topology with inductive degeneration

L 9w
Z, =s(L, +Lg)+$+{c—] L, (3.27)

gs gs

At the resonance frequency @, = the input impedance depends only on the cut-

(L, +L)Cq
off frequency and L, as in (3.27). Thus, it is observed the input power match is achieved with

L, and L, atthe desired frequency.

Re{Z,}=al, (3.28)

Nevertheless, the value of L that gives the optimum input resistance could be large and
decrease the gain. Therefore, if we use an additional inductance at the input which is put
between the bias node and the input node as in Figure 3.5, a better input match and a higher

gain can be obtained. Shunt inductance L, in Figure 3.6 increases the impedance Z ', thus

in?
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resulting in higher Z;, with lower @, L. Now we can choose a lower L, to yield a lower noise

figure and higher gain, with better input match simultaneously.

VDD

Lo
RF_OUT
_| C}o_

Cin Lg

RF_IN _|

Ls
Vbias

Figure 3.5 : Classical cascode topology with inductive degeneration and inductive bias

? C()TLS
GND

Figure 3.6 : Input matching circuit with L,

o2

S

R

VA
L,
an

'z'n
00—
D

Z,,was given in (3.26) before. We rename it as Z .. with Z,, being calculated as in (3.30)

' 1 gm
Z. :s(LS+Lg)+?+{C—} L, (3.29)

gs gs

69



_ Zisl,
in = m (3.30)
Calculation of Z,, ends up with complex equations (3.31) and (3.32) that indicates that real and
imaginary parts of Z,, impedance depends directly on L, inductance but does not demonstrates
the effect of L, clearly. Thus, using the formulas given in (3.29) and (3.30), impact of L, L,
and L, has been separately investigated by sweeping these values in MATLAB. Real and
imaginary parts of input impedance are drawn for different values of L, L, and L, in Figure

3.7 and Figure 3.8 respectively. Since equations include many assumptions, MATLAB

calculations do not yield inductance values that exactly match real component values. However,

they indicate that L, can be used to increase the input impedance. These figures are drawn for
the L, values of interest. As L, increases it acts as a very large impedance at 7 GHz and the

curves settle to the values when input node, that L, is connected, is open circuit. When L, is

not connected, it is assumed that an infinite impedance is shunted to that node. When there is

L, in that node as seen in Figure 3.22, this shunt impedance is lowered. As seen from Figure
3.7, lowering the impedance of L, firstly increases the real part of the input impedance, but
then starts to lower it down. Hence one can choose an appropriate value for L, through

simulations.

Also we see that lower L, values along with lower L, values yield higher increase in

impedance. This characteristic enables us to get higher gain, lower noise and input power match

simultaneously.

(L, - L) (1-0°CyLy )+ @°Cy L,
1+0°[ 9,22 - 2C, (L, + L, +1, ) [+ 0'C2 (L + L, + L)

Re{Z,}=a'g,L, (3.31)

1+’ g,°L L, -C, (L, +2L ) [+®'C. 2 (L, + L )(L, + L +L,
IM{Z,} = ol, [2 — 5 (5425 o', (4 — )& 2 ) (3.32)
1+0°[ 9,71, - 2C, (L, + L + L, ) [+ 0'C (L, + L + L, )
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Figure 3.7 : Real part of Z, with different L, L and L, values.
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Figure 3.8 : Imaginary part of Z;, with different L, ,L and L, values.

3.2.3 Power gain and output power matching of LNA

Voltage gain of an LNA is the multiplication of equivalent transconductance and output
resistance as in (3.33). Equivalent transconductance can be derived from simplified schematic

of an inductively degenerated common source stage as in Figure 3.9 [27].
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A=G,R, (3.33)

\/]0”[ g out
L
; E RS Cgs * gm Vgs
R, — ::Vgs -

Figure 3.9 : Input network of inductively degenerated cascode LNA topology

Equivalent transconductance (Gm) is the division of output current lo. to input voltage Vin.
Hence, Vin and lout Should be extracted in terms of the components of the circuit in Figure 3.9.
Output current is equal to the multiplication of transconductance and gate-to-source voltage of
the transistor as in (3.34). Voltage drop over source inductance (3.35), source resistance and

gate resistance summed with gate-to-source voltage is equal to input voltage Vin. Derivation is
simplified with the aid of the resonance at wo which cancels out [1+ SCy (ng + sl )] term.
Resonance frequency is determined by gate-to-source capacitance and source and gate

inductances as in (3.37). Definition of Vi, further simplified with the help of the equations given

in 3.35, concluding the equivalent transconductance value as in (3.40).

lowe = InVes (3.34)
VLs = S(gmvgs + SCgngs) LS (335)
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V., =(R + ng)ngSVgS +ske (1, + SCgngs) +Vgs

=V | 1+ 5C, (R +5L, +5Ls ) |+ sl

S "out
I

=14 5Cy (Ry + 5L, +5Lg ) |+ 5L

S "out
On

| _
= g°—“‘ | SCyRs J +sLg1,,, @ o, (3.36)
. r- :
:go_m_Ja)ocgsRS}+ Ja)oLSI

C.R
zloutja)0|: ;S S+L8:|

1
2
), =

7 Cull, +Ly) (3.37)

out

gmLS :RS &ﬁ:wr

3.38
C, C, (3.38)
IOUI = gm
Vin ja)o [CgsRS + gmLs:I
9n/Cos
=- : (3.39)
jon| Ry +0,L5/Cy |
_ o
Jjay, 2R
| _ o
"IV | 20,R, (3.40)

After the derivation of equivalent transconductance voltage gain can be redefined as in equation
(3.41) which indicates that the gain is dependent on the output impedance, operating frequency
and the source inductance. If this LNA was going to be a part of a receiver system which is
followed by a mixer, output matching to 50 € was not necessary and meaningful [27]. Since

we are going to measure this LNA using a probe station, we require power match at the output
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as we did in input, thus output impedance is 50 Q. Cut-off frequency wr and operating
frequency wo cannot be changed since the former is strongly technology dependent and the
latter is chosen for space applications. Consequently, the designer is left with an only choise of
reducing the the source inductance to increase the gain.

A= a)‘l' RL
ZCUOLS (3.41)

Output matching of the cascode is managed with the output inductor Lo and output capacitor
Co. Output circuit can be simplified as in Figure 3.10 and Zo. is calculated as in (3.42). Real
and imaginary parts of output impedance are derived as (3.43) and (3.44). These equations
indicate that Co is used to cancel out imaginary part at the operating frequency wo and Ro and
Lo adjust the real part to 50 Q. This derivation shows that Zou can be arranged to be purely
resistive and equal to 50 Q, with the aid of Lo and Co.

Figure 3.10 : Simplified schematic of output tank

_ Joly +R, ~ 'Ry LGy
out ja)RoCo _wZ LoCo (342)

| @°R,’L,C, —R,” — 0Ly’
Im{z_ 1= °O__0
{ out} J a)CO(ROZ+a)2L02) (3-43)

R 2
Re{zout}:RZL »
N =
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3.3 LNA Design and Simulation Results

Theory of the LNA design has been examined in the previous section. This section provides the
details of the design of an LNA operating at 7 GHz. Methodology of this design can be
organized as below and shown graphically in Figure 3.10.

e Examination of available transistors
o frsimulations: choosing the channel length of cascode transistor

o NFmin sSimulations: choosing the optimum current density and number of fingers

to get minimum NFmin
e Noise matching of the amplifying MOS transistor: choosing Ls and Lq appropriately

e Input matching for the cascode topology with little degradation in noise: optimizing Ls,
Lg along with Ly

e Design and characterization of inductors to be used in the design

e Further simulations using the designed inductor models and optimization of inductance

values more accurately
e Layout floorplanning

e Characterization of inductors and RF paths in the layout floorplan and further
optimization of inductance values, RF paths and floorplan by considering post-layout

simulations

e Finalizing the layout

3.3.1 Examinations of transistor characteristics
The design of LNA begins with the feasibility of available MOS transistors. As seen in (3.24),
noise factor directly depends on @, of the device. Henceforth, we will start with «;

examination of available transistors.

UMC 180 nm mixed-mode and RF technology is used for the LNA design. UMC 180 nm
technology has four different RF NMOS devices and four different RF PMOS devices. We are

interested in NMOS devices so we examined two of these RF NMOS devices which are 1.8 V
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devices. Other RF NMOS transistors were 3.3 V devices which will not be used. First RF
NMOS device is named as N_L18W500 18 RF and has a constant channel length of 180 nm
and a constant finger width of 500 nm. Its only reconfigurable parameter is the finger which
can vary from 5 to 21. The other RF NMOS device is named as N_PO7W500_18 RF and has
a constant finger width and number. Its length can be changed from 200 nm to 500 nm.

Analysis of
transistor
characteristics

A

Lo and Co chosen .
; . . - Design of
fr simulations for gain and
. Inductors
output matching
y
A A
Lg, Lsand Lb
. . . Layout
Nfmin simulations optimized for -
. . Characterization
input matching

4

ID and W is Ls and Lg is
chosen such that chosen such that
NF=NFmin NF=NFmin

Post Layout
Simulations

A

Layout Finalization

Figure 3.10 : LNA design methodology flow chart

3.3.1.1 Cut-off frequency (fr) calculation and simulations

Cut-off frequency (fr) is the frequency at which the current gain of the transistor falls to 1.
Extensive analysis of the LNA noise figure for the cascode topology shows that the noise figure

of the LNA strictly depends on the cut-off frequency of the transistor as defined in (3.45) [2],

R f
Fele o+ r0uR (28 (3.45)

S T

76



where R is gate resistance of the NMOS.

Cut-off frequency of a MOS transistor is simply formulated as in (3.22). As transistor channel
lengths are scaled down and smaller transistor gate lengths are possible, transconductance (gm)
of transistors increase as gate-to-source capacitances become smaller. Thus the cut-off

frequency of the transistor increases, resulting in reduced noise figure.

Hame Wiz

I FT_nz1
M FT_nl7
Il FT_nlz
Il FT_na
Il FT_nS
I FT_n7
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L L L L L L L L L L L L L L L L |
0.0 5.0 0.0 15.0 20,0 25.0
DAY (m)

Figure 3.11 : fr vs. Ips graph of N_L18W500_18 RF with different finger number values

In the light of information above, cut-off frequency of available transistors is simulated for 180
nm UMC technology as in Figure 3.11. Finger number values were changed from 5 to 21 and
the drain current of transistors were changed from 1 mA to 25 mA. As the finger number
increases, cut-off frequency of the transistor decreases with the current being kept constant.
Cut-off frequency of transistors with few number of fingers decreases as the drain current rises.

However, with more number of fingers, cut-off frequency of transistor tends to increase with

increasing drain current.
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Higher gain and lower noise figure is achievable with higher cut-off frequency but other
problems arise as the current increases and the number of finger decreases. Further simulations

will impose a tight limit on the selection of these parameters.

Table 3.1 : Cut-off frequency and drain current relations of NMOS Transistor at 7 GHz

Number of los@ frmax frmax fr@7mA
Finger (mA) (GHz) (GHz)
5 8 65.6 65
7 11 65.6 63
9 14.6 65.6 61
13 21 65.6 57
17 26 65.6 53
21 32 65.5 50
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Figure 3.12 : NFmin vs. Ips graph of N_L18W500_18 RF with different finger number values
at 7 GHz

Table 3.2 : Noise Parameters and Bias Points of NMOS Transistor at 7 GHz

Number of  Multiplicity Ips NFmin Ropt NF Vov
Fingers (mA) (dB) (Q) (dB) (V)
5 1 1.6 0.475 2400 5.7 0.28

21 1 7 0.75 370 2.48 0.28

21 2 13 0.75 183 1.9 0.27

21 3 20 0.75 122 1.9 0.28

21 4 26 0.75 91 2 0.27
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Table 3.2 indicates that the first row yields the best NFmin value. That is to say, if the source
impedance is matched to the noise impedance, noise figure as low as 0.475 dB can be achieved.
However, the Ropt is 2400 Q for this row and bringing this value down to 50 Q is very difficult.
Moreover, if the second row is investigated, increasing the number of finger reduces Ropt to 370
Q, which is much more achievable despite the cost of increasing NFmin to 0.75 dB. It should be
noted that, NF values in Table 3.2 is in accordance with Ropt because the source impedance is
50 Q in these simulations and NF decreases as Ropt converges to 50 Q. Based on these
observations, device current and the number of fingers have been chosen 7 mA and 21
respectively to get minimum noise figure possible and appropriate power consumption.
Overdrive voltage (Vov), the difference of the gate voltage and threshold voltage of the
transistor, is given in the Table 3.2 for NFmin Simulations.
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Figure 3.13 : Ropt vs. Ips graph of N_L18W500_18 RF with different finger number values
3.3.2 Design for minimum noise figure and input match

Design for minimum noise figure has been discussed in Section 3.2.1. This section includes the
simulations that were done to determine the component values. As explained before the
classical cascode topology with inductive emitter degeneration yields the optimum noise figure
performance in accordance with its input matching [2]. As shown in Figure 3.4 Lg and Ls are

used to obtain the optimum source impedance as 50 Q.
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3.3.2.1 Ls optimization

For the optimum noise match, source degeneration inductance can be used. In the following
simulations gate series inductance Lg is neglected. Ls value for the optimum noise match can
be selected in a process depicted in Figures 3.14 through 3.17. Figure 3.14 shows that to get to
NFmin, LS should be chosen as 100 pH; however, in order to make Ropt 50 Q, Ls should be
chosen bigger than 1 nH as shown in Figure 3.15. Thus, NFmin and Ropt depend oppositely on
Ls. These relationships yield the optimum NF at Ls=450 pH as illustrated in Figure 3.16 and
3.17.
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Figure 3.14 : NFnin values with regards to Ls
If we look in a closer projection, we see that NF value does not change much. If Ls=0, NF=2.4
8dB, Ls=100 pH, NF=2.42 dB, for Ls=200 pH, NF=2.36 dB, for Ls=300 pH, NF=2.32 dB,
Ls=400 pH, NF=2.31 dB. Its effect on the NF get weaker for the higher values. Thus, choosing

Ls nearly 200 pH seems enough. However, this will reduce the gain. So there must be some

optimization for these values in the final S-parameters of the full LNA.
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Figure 3.15 : Ropt Values with regards to Ls
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Figure 3.16 : NF values with regards to Ls
3.3.2.2 Ly optimization

After the optimization of Ls separately, we investigate the effect of Lq to noise figure also
separately. Ls is cancelled out for these simulations. Gate series inductance Lg in the Figure 3.4,
does not affect the NFmin Of the topology as seen in Figure 3.18. However, Ropt Value strongly
depends on Lg and becomes 50 Q for Lg=2.6 nH making NF=0.8 dB. Note that, these

simulations are done with ideal inductors, so real optimum noise values will end up being much
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higher because of the inductor losses. However, the trend of NF with changing Lg values will

be the same.
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Figure 3.17 : NF values with regards to Ls in 100 — 600 pH gap
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Figure 3.19 : Ropt Values with regard to Lg
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3.3.2.3 Lg and Ls optimization

As seen from the analyses above, Lg and Ls both have an effect on Lg and Ls. Thus investigation
of both will give the designer a better result. Ls does not depend on Lq but depends on Ls since

Ls changes gm by degeneration. (Figure 3.22)

Optimum value of Ropt seems to be 42 Q, because the optimum value of NF is obtained when
Ropt =42 Q (Figure 3.23). When Lg=2.6 nH, Ropt is 42 Q. Finally, at Ls=50 pH, NF is achieved
as the minimum which is 750 mdB (Figure 3.24).
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Figure 3.21 : Bringing NF values to NFmin in the desired frequency with Lg
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Figure 3.22 : NFmin with regard to Lg and Ls
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Figure 3.23 : Ropt With regard to Lg and Ls
As explained in Section 3.2.1, NFmin can be achieved for a particular Q, which depends on the

frequency of interest, L, and L. It can be seen from Figure 3.9 that L, =100pH gives the

minimum NFmin, and from Figure 3.15 and Figure 3.18 L, =2.6nH brings NF to NFmin.
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Figure 3.24 : NF values with regard to Lg and Ls
When L is changed from 1pH to 400pH, optimum value of L, is constant and is equal to 2.6

nH. However, when L, is changed from 1 pH to 3 pH, optimum value of L  changes
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dramatically. When L, =2.6nH which is optimum for NF, L, =50pH gives the optimum NF.
As L, drops below its optimum value, L, increases and even exceeds 400pH. As L increases

the gain will decrease, hence L, optimized for a smaller value.

These considerations were only for the noise figure of the LNA. However, input reflection
coefficient is a crucial parameter of the LNA that must be set below -10 dB. In the next section,

input reflection coefficient (S,,) of the circuit will be optimized with respect to L, and L, .

3.3.3 Design for input power match and gain

Input matching should be accomplished without degrading the noise figure. Input impedance

of a typical cascode LNA is given in (3.27) and is equal to (3.28) at resonance. Therefore, L
is chosen to make Z;, 50Q, and L, is chosen to have a resonance frequency at 7 GHz. Since,

the current density and the number of finger respectively have been already determined to yield
the minimum NFmin, one can get the cut-off frequency, gate-to-source capacitance and

transconductance of the amplifying transistor for further calculation. Circuit simulations reveal

these values as C; =120 fF and g, =0.04S . For a 50Q input impedance at 7 GHz, L, and L,

can be calculated as in (3.46) and (3.47).

C
T ><50:120f
0.04

S gm

1 1

L = L =
Y w’C * (2rx7x10°)*x120x107"

gs

-150p =4.3nH (3.47)

Detailed simulations give more precise values of L, and L, by sweeping their values in a range
around the values that are calculated. Input reflection coefficient S, is obtained as in Figure
3.25 for various L, values. But, L is found to be nearly half of the calculated value. For
L, =2.6nH and L, =250pH , S, is below -11 dB for wide band with a good match at the

center frequency. However, NF is 2.35 dB for this L, value. Moreover, larger L, values causes

gain to be lower as will be explained in the next section.

86



Mame Wiz L=

s11 D.D: T T e——
| 381 ] le-12 50 .
[ 388 i 1.228880e-10 4
=1 Fl 2.02332e-10 .
-10.0 5
=1 2 2.335550e-10 ]
[ 381 s 2ETNHe Ll S 150 ]
B s 210 E ]
el
™ -
& =200
7 .
-25.0 -
-30,0 1
-35,0 -

6.5 6.75 70 7.25 75 775
freq (GHz)

Figure 3.25 : Input reflection Sy for different L values

In section 3.2.2, the biasing inductor was proposed for better noise matching with higher gain
as in Figure 3.5. Though the input impedance equation turns out to be complicated, MATLAB
simulations showed that L, could be used to increase the impedance seen looking into to
amplifier input. Ly, Lg and Ls values are obtained more precisely with circuit simulations. Figure
3.26 shows that Ly =1.7 nH and Ly =1.2 nH (drawn with the black line), yields best Si1 of the
LNA. If we check the noise figure of the LNA with these values, it is seen in Figure 3.27 that
these inductor values also provide a reasonable noise figure. Lg =1.7 nH and L, =1.2 nH enable
S11 to be lower than -11.4 dB and realize NF = 2.13 dB.

Simulations above are done using ideal inductors. Modelling ideal inductors with series
resistances yields more realistic noise figures. Hence resistances of these inductors are
calculated with the formula below, assuming a constant Q factor for different inductor values,

in order to have a fair comparison.

ol

Rseries - E (348)
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Figure 3.26 : Su1 vs. frequency for different L, and L, values
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Figure 3.27 : Noise figure vs. frequency for different L, and L, values

Simulation results for the classical cascode inductive degenerated LNA is given in Figure 3.28.
Power gain Sy is 14.85 dB, NF=1.97 dB and Si: is below -11 dB. Simulation results for the
LNA which is cascode inductively degenerated as well as having an additional Ly is given in
Figure 3.29 and Sy1 is 17.75 dB, NF=2.13 dB and Si1 is below -11 dB. This result shows that

the gain increases by 3 dB with 0.16 dB compromise from the noise figure.
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Figure 3.29 : S21, S11 and NF with additional L, inductor LNA

This optimized noise figure is degraded by the Q factor of the inductances and the layout

parasitics.
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3.3.4 Design of inductances

UMC technology has inductances with a corresponding model, but since they are drawn in a
general manner, they do not satisfy all the preferred parameters such as the area. Custom
designed inductors are used because UMC inductors cover a large layout area. In the design of
inductors; firstly, sizes of inductors should be determined with respect to the desired inductor
value. For this purpose, a website of a study group from Stanford has been utilized. Here
calculation of the inductor sizes is done based on the formulas given in [13]. After finding the
sizes of inductors such as the number of turns (N), turn spacing (S), turn width (W) and the outer
diameter (Dout), inductors are drawn using the top metal of the technology with the calculated
length and widths in (3.49), (3.50 and (3.51). Din is the inner diameter, and f is the length of
first rectangle, and lengths of following rectangles are 2ft+k, 2f+2k, 2f+3k... After drawing the
inductor layout, its gds is exported from Cadence and imported to ADS. With ADS
electromagnetic (EM) characterization, S-parameters file of this inductor is generated. This S-
parameters file contains the inductance, parasitic capacitances and resistances of the inductor.
Design of the inductor is finalized with further simulations in Cadence and ADS for

characterizastion purposes.

In the design of inductances there are several important points. Firstly, larger width decreases
the inductance but increases the quality factor by decreasing the series resistance of inductor.
Nevertheless, due to the skin effect, increasing the width of the inductor does not help the
quality factor after some point [27]. Moreover, increasing the width increases the parasitic
capacitances resulting in self resonance at a lower frequency. If the frequency of operation is
close to the self-resonance, inductance value of the inductor will change dramatically in that
frequency regime. This kind of inductances are very hard to use in RF designs. The outer
diameter and eventually the inner diameter, and the number of turns are the most effective
parameters on inductance rather than the turn width or spacing. Schematic simulations of the
LNA regarding Si1, S21, S22, S12 and NF are done with inductor models given in Figure 3.31,
3.32, 3.33, 3.34, and 3.35.
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Input Geometric Parameters

No. turns, n = (2.5 Turn spacing, s = |3 um
Turn width, w = |6 um Quter diameter, dout = (130 um
| Calculate | Defaults ‘
Results
Square Hexagonal Octagonal

Modified Wheeler 1.367 nH 1.208 nH 1.201 nH
Current Sheet 1.377 nH 1.202 nH 1.193 nH
Monomial Fit 1.366 nH 1.198 nH 1.195 nH
Reference:

S.S. Mohan, M. Hershenson, S.P. Boyd and T.H. Lee, "Simple Accurate Expressions for Planar Spiral Inductances,
"IEEE Journal of Solid-State Circuits, Oct. 1999, pp. 1419-24,

Figure 3.30 : Integrated spiral inductor calculator interface [12]
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Figure 3.31 : S11 graph of the LNA with inductor models

91



Name Wis

|8 1 168

166

164

S-Param (dB)
=
o
[
1

16,0

158

156

T T 7 T T T T T T T T T T T T T T T T 1]
6.5 6.75 7.0 7.25 75 775
freq (GHzy

Figure 3.32 : Sy; graph of the LNA with inductor models

Name Wis

| B i 60 ]

S-Param (dB)
. =
=
o
|

-

2

o
|

140 |

-16.0 -

T 7 T T T T T T T T T T T T T T T T T
6.5 6.75 7.0 7.25 75 775
freq (GHz)

Figure 3.33 : Sy2 graph of the LNA with inductor models

Figure 3.35 shows that inductors add an extra 1.2 dB noise figure such that the noise figure
becomes 2.4 dB. In these simulations mutual inductance effects are not included because
inductors are characterized separately. Next step is the ADS characterization of the inductances
and RF lines together. After characterization, further simulations and optimization, post layout

simulation results are given as below.

Layout floorplan is critical to determine the impact of the mutual inductances which can ruin
the performance of the LNA. Distance between inductors are chosen as at least the size of an
inductor in the floorplan to minimize this effect. Also RF paths are critical in the LNA layout.
Instances must be placed such that minimum number of lines should cross RF paths. In this

design only RF path that goes to the RF output path is crossed with VDD line due to the need
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for more decoupling capacitances. In circuit simulations it is observed that, DC lines that cross

the input RF path are more critical in the LNA performance.

Steps of the complete design methodology and the outputs of each step is given in Figure 3.36.

Name Wis

- -34.75 4
2350
-35,25

-355

-35,75

S-Param (dB)

-36.0
-36.25 ]

2365

-36,75 -

T T T T T T T T T T T T T T T T T T
6.5 6.75 7.0 7.25 75 775
freq (GHz)

Figure 3.34 : S1» graph of the LNA with inductor models
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Figure 3.36 : LNA design steps and determination of critical values

3.3.5 Post layout simulations and final results

Final layout of the designed LNA is drawn as in Figure 3.37. Post layout simulations are run to
finalize the design before production of the circuit and given in APPENDIX A. Figure A.1 and
Figure A.2 shows S11 and Sy, are obtained below -11 dB in post layout simulations. NF is 2.6
dB and Sy is higher than 15 dB as shown in Figure A.3 and A.5. As in Figure A.7 stability
factor K is larger than 1 at all frequencies confirming unconditionally stability. Also, the third
order input intercept point (I1P3) is —2.24 dBm. (Figure A.6) Results highlight that a highly

linear LNA is designed at room temperature (27°C), verified with post layout simulations.

Table 3.3 gives a comparison of CMOS LNAs from the literature designed near the frequency
of interest. Table shows that the designed LNA has very low noise and high linearity at the
same time. Thus it can be concluded that this LNA is comparable with other LNAs from the
literature and can be tested under space conditions such as cryogenic temperatures and radiation

for various applications.
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The simulation model files of Mixed Mode/RF technology of UMC are verified to be valid until
—40°C. Even though model files are not valid at the aimed temperatures, simulations at —40°C
can represent the trend of the LNA parameters with the temperature decrease. Post layout
simulation results at —40°C are given in APPENDIX B. Figure B.1 depicts that input reflection
improves by 1 dB and it is seen in Figure B.2 that output reflection curve shifts slightly to the
right. Since the LNA is designed for a wider band centering the desired space communication
band, 7145-7190 MHz, this shift does not cause any trouble. Figures B.3 and B.5 show the
voltage gain increase of 1 dB and noise figure decrease of 0.5 dB, respectively. These
improvements of the LNA parameters are coherent with the expectations as stated before.
Further progress is expected as the temperature decreases to cryogenic temperatures.
Additionally, linearity of the LNA improves as can be visualized in Figure B.6 and input IP3
becomes —1.164 dBm.
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Table 3.3 : Comparison of LNAs in the literature with the designed LNA in this thesis (* Post Layout Simulation)

Specialty Technology  Bandwidth S21 NF 11P3 Power Chip Area
(GHz) (dB) (dB) (dBm) (mW) (mm?)
This 0.18um 6-8 15.6 2.6 -2.4 25 0.56
Work* CMOS
[11] UwB 0.18um 2.3-9.2 9.3 (max)  8—4(NFmin) -6.7 9 -
CMOS
[17] uwB 0.18um 3.1-10.6 9.7 5.1 -6.2 20 0.59
CMOS
[18] 0.25um 7 6.2(max) 3.3 8.4 13.8 -
CMOS
[19] WB 0.13um 0.1-6.5 19 4.2 1 12 -
CMOS
[20] WB 0.18um 2.45-5.5 12.2 5.1 -4.7 75 -
CMOS
[21] uwB 0.13um 3.1-10.6 15.1 2.5 -8.5 9 0.87
CMOS
[22] uwB 0.18um 0.4-10 12.4 6.5 -6 12 0.42
CMOS
[23] ESD 0.13um 4.5-6 14.8(max) 2.6 -9 6.6 0.14
protection CMOS
[24] 0.18um 3-6 135 6.7 -5 5.94 1.1
CMOS
[25] 0.18um 8-10 10(from 5 — 4(min) -11.3 18 -
CMOS graph)—
18(max)
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4. CONCLUSIONS AND RECOMMENDATIONS

Receiver systems generally consist of an antenna, an LNA, a Mixer and a VCO. LNAs
being the first stage of the receiver system, determine the noise figure of the system.
Receiver systems and LNAs are excessively investigated and designed using different
technologies such as SiGe, HEMT and CMOS. LNAs that are used for space
applications such as space communications and radio astronomy need more ability
such as radiation robustness, very high sensitivity, very low noise temperature and
high linearity etc. Although LNA research has been widely engineered, performance

under space conditions still needs more exploration.

Most of the research on cryogenic and radiation LNAs were done using SiGe and
HEMT devices. However, SiGe and HEMT technologies are very expensive and
sophisticated compared to CMOS technology. Thus, moving the space electronics
research towards CMOS technology will expand the alternatives and capabilities for a

lower cost.

Literature search shows that only one paper reports cryogenic CMOS LNA and that
study does not include any noise figure measurement. Generally cryogenic CMOS
research studies were done about digital or precision analog circuits. Therefore,
performance of CMOS LNA at cryogenic temperatures and under radiation should be

investigated and improved.

The main goal of this thesis is to design a 7 GHz CMOS LNA to be tested under space
conditions as cryogenics and radiation. Firstly, a general research on cryogenics and
radiation basics are done. Then, the design of the LNA is analyzed and completed
using 0.18 um UMC Mixed-Mode/RF CMOS technology.

4.1 Practical Application of This Study

As a result of this thesis a 7 GHz CMOS low noise amplifier has been designed. This
LNA is built using 0.18 pm UMC Mixed-Mode/RF technology RF NMQOS transistors.
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Computer aided design tools Cadence and ADS have been employed. ADS is used to
characterize the inductors and full layout without active devices via electromagnetic
(EM) simulations. All other simulations were conducted with Cadence. Completed
LNA achieves 2.6 dB noise figure while having a voltage gain higher than 15.6 dB in
6.7 and 7.7 GHz frequency band. Input and output reflections are below -11 dB all
over the band. 11P3 of the LNA which characterizes the linearity of the circuit is found
to be -2.24 dBm while the LNA consumes a total power of 25 mW.

4.2 Future Work

The design of the LNA is concluded with post layout simulations. Measurements of
this LNA is very important to understand the factors on cryogenic and under radiation
operation of LNAs. Measurement steps can be listed as below:

e Measurements at room temperature.

e Measurements at cryogenic temperatures.

e Measurement under radiation (TID).

e Measurements after radiation at cryogenic temperatures.

Room temperature and cryogenic temperature measurements will be done in ITU
VLSI measurement laboratories. Measurements after radiation are also going to be
conducted in ITU VLSI measurement laboratories, though under radiation tests will
be performed in other laboratories. Co®® source is going to be used to realize the total

ionization dose tests.

After measurements and modelling of transistors, as well as measurements of the
designed LNA, a new radiation-robust cryogenic LNA is going to be designed for
space conditions. With lower power consumption, a higher linearity, a better gain and

a lower noise figure will be targeted in the design of this second LNA.
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Figure A.1 : S11 vs. frequency of the designed LNA based on post layout
simulations at 27°C
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Figure A.2 : Sy vs. frequency of the designed LNA based on post layout
simulations at 27°C
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Figure A.6 : Post layout linearity simulation of the designed LNA at 27°C
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