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5-6GHz ARALIGINDA, SiGe BiCMOS PROSES KULLANILARAK 90° FAZ
FARKLI ISARET URETIMI

OZET

Bu yiizyilin son on yili, haberlesme endiistrisinde biiyiik bir biiyiime g6rmiistiir.
Insanlar telsiz haberlesme araglarim kullanarak siirekli baglantida olmak
istemektedirler. Biiyliyen teknolojiyle, sistemlerin maliyeti de ¢ok Gnemli hale
gelmistir ki RF tasarim ayrik tasarimdan tiimlesik devre ¢6ziimlerine kaymugtir.
Avrupa yiiksek performanshi radyo yerel ag (HIPERLAN) sistemi gibi 5GHz ISM
band1 kullamilarak bilgi iletim hizlarimn arttinlmasinda diinyaca yaygin bir ilgi
vardir. Hatta HIPERLAN?2 sistemi 54Mb/s’ lara ulasan ¢ok yiiksek iletim hizina
sahiptir. .

Bir haberlesme alici-vericisi degisik bloklar igerir fakat gerilim kontrollii osilatér
(VCO), alici-vericinin kritik bir alt blogudur. VCO’lar bir¢ok yenilikler sunmasimn
yaninda, kabul edilebilir faz giiriiltiisii ve ayar aralig1 igin, mikrodalga frekanslarinda
diisiik giiclii aktif elemanlara ek olarak, yiiksek kalitede diisiik parazitik degerlere
sahip pasif elemanlara ihtiya¢ duyar. VCO’larin 6nemli karakteristikleri, ¢alisma
frekansi, sicaklikla frekans kararliligi, frekans karakteristiine karsi gerilimin
lineerligi, ayar aralig1, faz giiriiltiisii ve liretim maliyetini igerir.

QPSK, GMSK, OFDM gibi dijital modiilasyonu kullanan alici-verici sistemlerinde,
90° faz farkli (quadrature) isaret iiretimi ¢ok kritik bir noktadir. HIPERLAN2 sistemi
de dijital modiilasyonu kullanan bu sistemlerden biridir. Baz1 alici-vericilerde, tiim
sistem performans: i¢in, 90° faz farkli igaret hatas1 siur1 gok sikidir, diger bir deyisle
¢ok az hata kabul edilebilinir. Bu da faz giiriiltiisii performans: ve ya gii¢ tiiketimi
gibi kendi karakteristikleri ile birlikte VCO’nun, tasarimim ¢ok gticlestirir. Bu tez
0.35um SiGe (Silikon germanyum) BiCMOS prosesi ile HIPERLAN2 sisteminin
90° faz farkl: lokal osilatérii (LO) isareti tiretimi igin tasarlanan iki degisik VCO
tasarimim kapsar.

Temel bilgi olarak, genel osilasyon teorisi ve degisik tipte temel yiiksek frekans
osilatérleri sunulmustur. Kristal osilatérler, temel LC osilatérler, Wien-Bridge
osilatdrii, Colpitts osilatérii, Hartley osilatérli, rolaksasyon osilatérler ve halka
osilatdrler, RF osilatérlerinin temelleri oldugundan 2. Boliimiin konusu olmuslardr.

Haberlesme kanal araliklannmin ¢ok kiiglik olmasindan dolayl, frekans
sentezleyeceginin ¢ikig isareti cok saf bir siniis olmalidir. Cevrim bant genisliginden
biiyiik olan ofset frekanslarinda, faz giiriiltiisii esas olarak VCO tarafindan belirlenir.
Burada, osilatorlerdeki faz giiriltiistinlin temel teorisi sunulmustur. Buradaki
tasariminda kullamlan halka ve LC VCO’lann faz giiriilti modelleri ve bu tiir
osilatérierin degisik topolojilerdeki faz giiriiltisii performanslar tartistlmistir. LC
VCO tasariminda, devrenin faz giliriiltlisti ve ayar bolgesi performans: {izerinde
ozellikle etkili olan iki eleman vardir. Bunlar varaktdr ve endiiktanstir ve bunlar icin
bir literatiir aragtinlmasi yapilmigtir. Degisik tipte varaktérler verilmis ve VCO’lar
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tizerindeki performans etkileri karsilagtirilmigtir. Bunlar, diyot varaktorler, evirtim
modlu MOS varaktér, akiimulasyon MOS varaktor ve gecitlenmis MOS
varaktérlerdir. Akiimiilasyon MOS varaktorlerin, simdilerde diyot varaktérlerinin
yerini aldifn g6riilmistiir. Ciinkii, akiimiilasyon MOS varaktérle tasarlanan
VCO’lann, diyot varaktérle tasarlanmis VCO’lardan, daha az gii¢ harcadigi, daha
genis ayar araligmmin bulundugu ve daha iyl bir faz gliriiltiisi performansi
gostermektedir. Endiiktanslar VCO’nun faz giiriiltiisi performansindaa gok etkilidir.
Endiiktanslarin degisik gergeklestirilmesi olan, aktif endiiktanslar, bag telli ve spiral
endiiktanslar avantaj ve dezavantajlariyla agiklanmustir. Faz giiriiltiisii, varakt6r ve
endiiktansla ilgili bu ¢aligmalar B6liim 3’te sunulmustur.

90’lar dan bugiine kadar sunulmus olan degisik tipte VCO’lar Béliim 4°te
sunulmustur. Bu ¢aligma LC ve halka osilatérler tizerine bir arastirmay: kapsar. LC
VCO’lar okuyucunun karsilastirmas: agisindan, 6zellikle farkli varaktor, endiiktans
ve kuvvetlendirici devreleri kullananlardan se¢ilmistir. LC VCO’lar iizerindeki
¢aliyma daha ¢ok negatif-Gy, osilatorleri tizerinedir. Halka osilatérler igin degisik
ayar metotlar1 agiklanmugtir. Her iki osilator gesidi olan halka ve LC osilatorler,
kendi kategorileri iginde faz giiriiltiisti performansi, ayar araligi, gii¢ tiiketimi ve
kapladiklar1 alan maliyeti ag¢isindan karsilastirilmuglardir. Dort gesit kuadratiir LO
igareti iiretim yontemleri de Boliim 4’te sunulmustur. Bunlar RC-CR ag1 (polifaz
filtre), frekans bolme, iki g¢apraz bagli VCO ve 90° faz farkli halka osilatériidiir ve
orneklerle agiklanmugtir. VCO ve RC-CR ag1 kombinasyonu takip eden tampon veya
smirlandiricilar  kullanilan metot, ¢ok gii¢ tiiketir, ok fazla kirmik alani kaplar ve
kuadratiir igaret performansi serimdeki uygunsuz eslesmeye ¢ok baghdir.
HIPERLAN2 gibi yiiksek frekans uygulamalarinda iki kat frekansta VCO tasarum
miimkiin degildir. Bu nedenle, son iki metot olan, iki ¢apraz bagli VCO ve 90° faz
farkl1 halka VCO bizim tasarimimuiz i¢in miimkiindiir.

Boliim 5°te, HIPERLAN?2 projesi i¢in 90° faz farklt LC ve halka osilatérii tasarimi
sunulmugtur. Her iki VCO da 0.35um SiGe BiCMOS prosesi kullanilarak
tasarlanmugtir. Devrelerin ¢alisma prensipleri, tasarim semalart ile birlikte
agiklanmigtir. Ilk tasarim birbirinin aym iki gapraz bagli LC VCO tasarimini igerir.
Her iki VCO da diferansiyel ¢apraz bagli PMOS ve NMOS transistorlar ve simetrik
bir endiiktans ile gergeklenmistir. Daha iyi bir ayar aralify igin, diyot varaktdr yerine
MOS varaktdr. tercih edilmigtir. Tipik, karakterizasyon ve Monte Carlo
simiilasyonlar1 her iki VCO igin de gerceklenmistir. ikinci tasanm, iki gecikme
hiicresiyle tasarlanan halka VCO’ diir. Gecikme hiicreleri diferansiyel BiCMOS
¢iftidir. Hem kuyruk akimi hem de gecikme hiicrelerinin PMOS transistorlerinin
gecit gerilimi, ¢ikis genlik salinimindaki degisimini azaltmak i¢in aym anda bir
analog gerilim ile kontrol edilmektedir. Her iki VCO’nun sonu¢ ve performanslar
verilip karsilagtirnilmigtir.

LC VCO’nun faz giiriiltiisii performansi1 halka VCO’ dan daha iyidir. Halka
osilatoriin ayar araligyn LC VCO’ dan daha iyidir. Kuadratiir faz hatas1 her iki
osilatérde de hemen hemen aymdir. 5-6GHz aral:ginin kullanildig: sistemlerde, faz
glriiltisii performansimn 6nemli ve sistem smirlarinin siki oldugu durumlarda,
yiksek maliyetten o6diin verilerek LC VCO secilmelidir. Ve kirmigin alan
maliyetinin 6nemli oldugu durumlarda ise, faz giirtiltiistinden feragat edilerek halka
VCO segilmelidir.

xvi LC. YOKSEXOGRETIM KURULD
DOKDMANTASYON MERKEXS



QUADRATURE SIGNAL GENERATION IN 5-6 GHz RANGE USING SiGe
BiCMOS PROCESS

SUMMARY

The last decade of this century has seen an explosive growth in the communications
industry. People want to be connected all the time using wireless communication
devices. With the growing technology, the cost of the systems has also become very
important that RF design is shifted from discrete design to IC solutions. There is
worldwide interest in increasing data transmission rates by using the SGHZ ISM
band like the European high-performance radio LAN (HIPERLAN) system where
HIPERLAN?2 has a very high transmission rate up to 54 Mb/s.

A communication transceiver consists of different blocks, but the VCO is a critical
sub-block of the transceiver. They present many challenges to any technology since
they require low parasitic high quality passive components for acceptable tuning
range and phase noise levels, in addition to the need for low power active devices at
microwave frequencies. Important characteristics of VCO’s include frequency
operation, frequency stability with temperature, linearity of the voltage to frequency
characteristic, tuning range, phase noise and cost of fabrication.

Quadrature signal generation is a critic point of the transceiver systems, which use
digital modulations such as QPSK, GMSK, OFDM etc. HIPERLAN? system is one
of them, which uses digital modulation. Some of the transceivers have very strict
spec for the quadrature signal error for the overall system performance. This makes
the design of the VCO more difficult together with its own characteristics like its
phase noise performance or power consumption etc. This thesis covers the design of
two different VCOs for quadrature LO signal generation for HIPERLAN2 system
with 0.35um SiGe BiCMOS process.

As a basic knowledge, the general theory of oscillation and different type of basic RF
oscillators have been presented. Crystal oscillators, basic LC oscillators, Wien-
Bridge oscillator, Colpitts oscillator, Hartley oscillator, relaxation oscillators and ring
oscillators have been a subject of the 2™ Chapter as they are the basics of the RF
oscillators.

Due to very small communication channel spacing, the output signal of the frequency
synthesizer must be a very pure sinusoid. At frequency offsets larger than the loop
bandwidth, the phase noise is mainly determined by the VCO. Here, the general
theory of phase noise in oscillators has been presented. The phase noise models for
ring and LC VCOs and phase noise performance of these kinds of oscillators have
been discussed as these types of oscillators are used in this design. In the design of
LC VCOs there are two devices which are especially effective on the phase noise and
tuning range performance of the circuit. These are the varactors and inductors and a
literature research has been done for them. Different types of varactors are given and
their performance effects on the VCOs are compared. These varactors are diode
varactor, inversion mode MOS varactor, accumulation MOS varactor and gated
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MOS varactors. It is seen that nowadays the accumulation MOS varactor is taking
the place of diode varactor because the LC VCOs designed with accumulation MOS
varactor consumes less power, has a larger tuning range and a better phase noise
performance than the ones designed with diode varactors. Inductors are very
effective on the phase noise performance of the VCO. Different implementations of
inductors; active inductors, bondwire and spiral inductors are explained with their
advantages and disadvantages. All the research on phase noise, varactors and
inductors have been presented in Chapter 3.

Different type of VCOs, designed from 90s until today has been presented in Chapter
4. The work covers a research on LC and ring VCOs with their operation principles.
The LC VCOs are especially chosen from their different usage of varactor and
inductors and amplifier circuits, so that the reader can compare them. The work for
LC VCO is mostly on negative-Gy, oscillators. Different tuning methods has been
explained for the ring VCOs. Both ring and LC VCOs are compared within their own
category for their phase noise performance, tuning range, power consumption and
cost of area. Different methods to generate quadrature LO signals have been also
presented in Chapter 4. These are RC-CR network (polyphase filter), frequency"
division, two cross-coupled VCO and quadrature ring oscillator, are explained with
examples. Using RC-CR network or polyphase filter after the VCO, following with
buffers or limiters, consume too much power, costs big chip area and quadrature
signal performance is very dependent to the mismatch in the layout. In applications
of high frequency like HIPERLAN?2 it is not possible to design a double frequency
VCO. Therefore, the last two methods, two cross-coupled VCO and the quadrature
ring oscillator are feasible for our design. '

In Chapter 5, the design of the quadrature LC and quadrature ring VCO for
HIPERLAN?2 project has been presented. Both of the VCOs has been designed with
0.35um SiGe BiCMOS process. The operating principles of the circuits have been
explained with their design schematics. First design consists of two identical cross-
coupled LC VCOs. Each VCO has been realized with coupled differential PMOS
and NMOS transistors with a symmetrical coil. For a better tuning range MOS
varactors have been preferred instead of diode varactors. The typical,
characterization and Monte Carlo simulations have been performed for the VCOs.
The second design is the quadrature ring oscillator with two delay cells. The delay
cells are designed with a differential BICMOS pair. Both the tail current and the gate
voltage of the PMOS transistors of the delay cell are controlled with one tuning
voltage in order to decrease the amplitude swing variation. The results and the
performance of both VCOs have been given and compared.

The phase noise performance of the LC VCO is better than the ring VCO. The ring
VCO has a better tuning range than LC VCO. The quadrature phase mismatch results
are exactly the same. For other systems where the 5-6GHz range is used, if the phase
noise performance is important and strict, the LC VCO should be preferred with high
cost. And if chip area cost is important ring VCO should be preferred suffering from
phase noise.
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1. INTRODUCTION

Wireless technology came to existence when in 1901 Guglielmo Marconi
successfully transmitted radio signals across Atlantic Ocean. Besides, after the
invention of the transistors in 1948, there has been an explosive growth of
telecommunication systems. Oscillators are fundamental building blocks used in
radio equipment of all kinds. They are integral part of many electronic systems.
Applications range from clock recovery generation in microprocessors to carrier
synthesis in cellular telephones requiring vastly different oscillator topology and

performance parameters [1].

The first stage in almost all-simple transmitters is an oscillator. In a similar manner,
the various oscillators used in a superheterodyne communications receiver determine
the frequency is tuned to. The simplest transmitter is a crystal-controlled oscillator.
The popular crystal oscillators are Pierce, Colpitts, Clapp, harmonic and overtone

crystal oscillators [2].

Variable-frequency crystal oscillators (VXO) are useful in place of conventional
crystal oscillator when it is necessary to shift the crystal frequency in order to
transmit signal at different frequencies. In these oscillators the operating frequency

can be shifted slightly by means of trimmer capacitors [2,3].

Variable-frequency oscillators (VFO) are similar to VXOs but the essential
difference is that greater frequency coverage is possible and no crystals are used.
Therefore a VFO provides a necessary flexibility which is not possible with VXOs
and crystal oscillators. A VFO permits greater effectiveness during low power work,
especially if crowded band conditions prevail. Frequency stability is more difficult to
realize when a VFO is used, to preference to a crystal oscillator. Improved
performance is obtained if the VFO is mixed with crystal oscillators, which
inherently have good stability [2]. The same configuration is used in the present day
communication receivers and called a superheterodyne receiver. The real solution for

solving the stability problem is the frequency synthesizer. Although there are many
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types of frequency synthesizers, the phase lock loop (PLL) type is probably the most
widely used approach in the communication receivers [4]. In modern wireless
telecommunications systems, channels are placed very closely together for the
efficient use of the frequency spectrum. The RF front end of a wireless transceiver
should have the ability to detect a wanted signal while very large interfering signals
are present in adjacent channels. In particular the characteristic of a local oscillator

(LO) or frequency synthesizer is very important in designing such systems [5].

The PLL system includes a reference oscillator, phase detector, frequency divider
and voltage controlled oscillator (VCO). The VCO is merely a VFO with usual
mechanically tuned capacitor replaced with a varactor diode. A VCO is one of the
key elements in a frequency synthesizer and the most critically determines the
performance of a frequency synthesizer. They present many challenges to any
technology since they require low parasitic high quality passive components for
acceptable tuning range and phase noise levels, in addition to the need for low power
active devices at microwave frequencies. Important characteristics of VCO’s include
frequency operation, frequency stability with temperature, linearity of the voltage to
frequency characteristic, tuning range, phase noise [6] and cost of fabrication. High
frequency VCOs have been realized as relaxation [7,8], ring oscillators [9,10] and
LC oscillators. The design of monolithic LC VCOs within standards has been
objective of several recent projects like DCS1800 (DECT cordless telephones)[11-
14], GSM900 (European GSM cellular telephones) [15,16] and WLAN (Wireless
LAN 2.4/5.8GHz) [17-20].

Modulation is an essential function in communication system. The systems that are
using digital modulations like QPSK or GMSK generate both in-phase (I) and
quadrature (Q) components of the signal. In receiver architectures like heterodyne
receivers, homodyne receivers, image reject receivers and digital IF receivers, for
frequency and phase modulated signals, the downconversion must provide
quadrature outputs so as to avoid loss of information [21]. This is because the two
sides of FM or QPSK spectra carry different information and must be separated into
quadrature phases. In today’s RF systems, homodyne or zero-IF or low-IF receivers
are preferred mostly because they offer flexibility and low cost through high

integration. As mentioned above in these transceivers, quadrature signals are needed



for modulation, and it is important to offer quadrature signal generation at minimal
power consumption. There are different ways to produce quadrature signals.
Traditionally I-Q outputs are generated either by using a RC-CR phase shifter.
Different types of RC-CR phase shifters are used in [22-25]. When RC-CR networks
are used the mismatches between resistors and capacitors cause phase and amplitude
error for the quadrature outputs. The output buffers used after the phase shifter
consume a lot of power [6] and the total design needs a lot of chip area. Another way
to generate quadrature signals is the use of VCO at double frequency followed by
master-slave flipflops. The VCO designed in double frequency will consume less
power but the master-slave flip-flops have to be designed in double frequency,
therefore they consume too much power depending on the technology. Third way is
the use of ring oscillators with even number of delay cell [26]. Quadrature ring
oscillators are preferred especially in clock recovery circuit. We can obtain a better
tuning range when compared with LC VCOs. Also it has costless chip area. Another
way is the use of two cross-coupled VCO [27]. This structure costs double VCO
area. But if the VCO core is well designed it consumes less power than the output
buffers or limiters, which are used with RC-CR network. The other advantage of this
structure is that, it provides a very high voltage swing, which eases the design of the

prescaler and mixer circuits connected to VCO [28].

As the need of VCOs grow, there is much work on the technologies to increase the
performance of the circuits. SiGe heterojunction bipolar transistor (HBT) provides
significant performance advantages in many mixed signal and microwave
applications [29-31]. This technology is an attractive candidate in the emerging area
of wireless communication since it has the potential to exceed the performance of
conventional silicon technology to a level where it can cope with GaAs, yet provide
the cost advantage and manufacturing volume capabilities of silicon. An industrial
0.35um SiGe BiCMOS technology for SGHz home digital networks have been
recently presented [32] achieving transistors having fr value of 80GHz. This extends
the advantages of RF BiCMOS technology towards low-noise high speed and low
power applications. Besides different technologies, there is an ever-decreasing line
width of CMOS processing technology has gone from around 10pm in 1970, over
lum in the late 1980s, to a present-day value of 0.13um in mass production. This

helps to reduce the power consumption, overall weight and the volume.



This work covers a research and design on RF oscillators and VCOs. The basics of
VCO design like performance parameters, varactor and inductor design, phase noise
calculation are given with examples. Different types of LC and ring oscillators,
which have been designed in the last decades, are explained with their operation
principle and the VCOs are compared with each other. The methods of quadrature
signal generation for transceivers are discussed and the advantages and
disadvantages of the methods are given. A feasibility of VCOs is done for
HIPERLAN2 wireless system from the ETSI specs [33]. Then we present two
quadrature VCOs, which are quadrature LC and ring VCOs. They are both designed
to operate between 5-6GHz band for HIPERLAN2 wireless system satisfying the
specs. 0.35um SiGe BiCMOS process has been used. The quadrature LC VCO is
designed with two cross-coupled planar L.C oscillators. All the simulations to test
the important performance parameters of the VCO are realized. The layout of the
VCO is also performed. The quadrature ring VCO is designed with two delay cells.
All the simulations are also performed for this VCO. A comparison between the two

VCOs is given within the simulation results.

This thesis is organized in six chapters. In chapter 2, a brief description of oscillators
and oscillation theory is given. Different types of RF oscillators are also discussed,
including Wien-Bridge Oscillator, relaxation oscillators, crystal oscillators, Hartley
oscillator, Colpitts oscillator, ring oscillators and LC oscillators. Chapter 3 begins
with the definition of VCO and basic terms of VCO and continues with phase noise
of the VCOs. The phase noise models for ring and LC VCOs and phase noise
performance of these kinds of oscillators are discussed. In the design of LC VCOs
there are two devices which are especially effective on the phase noise and tuning
range performance of the circuit. These are the varactors and inductors. Different
types of varactors, which are diode varactors, inversion mode MOS varactor,
accumulation MOS varactor and gated MOS varactors are given and their
performance effects on the VCOs are compared. Different implementations of
inductors; active inductors, bondwire and spiral inductors are explained with their
advantages and disadvantages. In the following chapter, Chapter 4, ring and LC
VCOs, which are presented in last ten years, are given with their operating principle.
Both ring and LC VCOs are compared within their own category. The LC VCOs are

especially negative-G, type having the varactor and inductor types mentioned in



Chapter 3. Different tuning methods are explained for the ring VCOs. In the last
section of the chapter four different methods of quadrature LO signal generation for
the VCOs that are RC-CR network, frequency division, cross-coupled VCO and ring
oscillator, are explained with examples. In Chapter 5, the design of the quadrature
LC and quadrature ring VCO for HIPERLAN2 project is presented. The operating
principles of the circuits are explained with their design schematics. The typical,
characterization and Monte Carlo simulations are performed for the VCOs. The
results and the performance of both VCOs are given and compared. Chapter 6 gives

conclusion for each chapter and explain the future challenges for the designed VCOs.



2. BASICS IN RF SIGNAL GENERATION

This chapter gives an overview about oscillation system and oscillators. It begins
with the definition and the criteria for oscillation. The basic oscillator types used in
RF applications are given. These are Wien-Bridge oscillator, crystal oscillator,
relaxation oscillator, ring oscillators, and basic LC oscillators. Oscillation principles
of these circuits are explained with examples. Negative-Gy, oscillator topology is

explained for LC oscillators.

2.1 General Considerations

In the design of electronic systems the need for signals having prescribed standard
waveforms frequently arises. The most common is sinusoidal waveforms. Systems in
which standard signals are required include: computer and control systems where
clock pulses are needed for among the other things timing; communication systems
where signals of a variety of waveforms are utilized as information carriers; test and
measurement systems where signals, again of a variety of waveforms are employed

for testing and characterizing electronic devices and circuits [34].

Oscillators are an integral part of many electronic systems. Applications range from
clock generation in microprocessors to carrier synthesis in cellular telephones,

requiring vastly different oscillator topologies and performance parameters.

There are two distinctly different approaches for the generation of sinusoids. The
first approach employs a positive feedback loop consisting of an amplifier or a LC
frequency selective network. The amplitude of generated sine waves is limited or set
using a nonlinear mechanism, implemented either with a separate circuit or using
nonlinearities of the amplifying device itself. In spite of this, these circuits, which

generate sine waves utilizing resonance, phenomena are known as linear oscillators.

This is the second approach. In these circuits a sine wave is obtained by

appropriately shaping a triangular form. Techniques have developed by which the
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design of sinusoidal oscillators can be performed in two steps. The first step is a
linear one and frequency-domain methods of feedback circuit analysis can be
employed. Subsequently, a nonlinear mechanism for amplitude control can be

provided.

2.2 Definition of Oscillation

An oscillator generates a periodic output usually in the form of voltage. As such the
circuit has no input while sustaining the output indefinitely. The circuit must entail
self-sustaining mechanism that allows its own noise to grow and eventually become

a periodic signal.

Most RF oscillators can be viewed as feedback circuits. A simple linear feedback

system is shown in Figure 2.1. The transfer function of the circuit is;

Y(s) __AG) 21
X() 1-A()
X(s) ) A(s) > Y(s)

Figure 2.1 Unity feedback oscillatory system [21]

For steady oscillation two conditions must be simultaneously met at the frequency

®¢: The loop gain |A(jcoo)| must be equal to unity and the total phase shift around

the loop ZA(jw,), must be equal to zero. The above conditions imply that any

feedback system can oscillate if this loop gain and phase shift, are chosen properly.
Ring oscillators and phase shifters are example of this. But in most RF oscillators, a
frequency selective network is included in the loop so as to stabilize the frequency.
This is illustrated in Figure 2.2. The frequency-selective network is also called a

resonator [34].



X(s) A(s) P Y(s)

B(s)

Frequency selective
network

Figure 2.2 Feedback system with frequency selective network [34]

We will now explain the oscillation criteria with this structure detailed. Although in
an actual oscillator circuit, no input signal will be given, the input signal is put here

to help to explain the principle better. The transfer function of the circuit;

YS) _ A
X(s) 1-A@BE)

2.2)

If at a specific frequency f, the loop gain AP is equal to unity, the gain will be
infinite. That is, at this. frequency the circuit will have finite output for Zzero input
signals. Such a circuit is defined as oscillator. To provide sinusoidal oscillations of

frequency wo, the condition for the feedback loop of Figure 2.2 is

L(jog) = A(jog)B(jwy) =1 (2.3)

That means at wg, the phase of the loop gain should be zero and the magnitude of the
loop gain should be unity. This is known as the Barkhousen criteria. This oscillation
criterion should be satisfied at one frequency only (that is ®,), for the circuit to
oscillate at one frequency; otherwise the resulting waveform will not be a simple
sinusoid [34]. In some cases Barkhousen criteria is necessary but not sufficient. As
an example, if the phase shift around the loop is equal to 360° at zero frequency and

the loop gain is sufficient, the circuit latches up rather than oscillate.

The oscillation condition, the Barkhousen criterion that is discussed above
guarantees sustained oscillations in a mathematical sense. But it is known that the
parameters of a physical system can not be constant for any length of time. Suppose

the conditions AB=1 at w=wy is satisfied; then temperature changes in the circuit and



AP becomes slightly less than unity. So oscillation will cease in this case. Conversely
if AP exceeds unity, oscillation will grow in amplitude. So we need a mechanism for
forcing AP to remain equal to unity at the desire value of output amplitude. This

mechanism is called automatic level control (ALC).

Oscillator _—1

Peak

Gain Detector
control

r_° Vrer

Figure 2.3 Automatic level control system [21]

This technique is shown in Figure 2.3, which measures the amplitude by means of a
peak detector and compares the result by a reference and adjusts the gain of the
oscillator, by a negative feedback. Thus at the start up, the amplitude is small and the
gain is high, and in the steady state, the amplitude is equal to Vrer. The use of ALC
allows the oscillation to remain linear if Vgrgr is chosen properly providing a
sinusoidal output with low distortion. But in RF application this technique doesn’t
have a wide usage because of the complexity of the circuit and the possibility of the

additional noise.

2.3 Oscillator Types

In this section, we will explain different types of oscillators used in RF applications.
These are Wien-Bridge oscillator, crystal oscillator, relaxation oscillator, ring
oscillators, and L.C oscillators. The basic operation principle of the oscillators is

explained.

2.3.1 Wien-Bridge Oscillator

One of the simplest oscillator circuits is based on Wien-Bridge as shown in Figure

2.4. The active element in the circuit is an operational amplifier circuit connected in



the nonconverting configuration. It has a closed loop gain of (1+R,/R,). RC

network is connected in the feedback path of this positive-gain amplifier [34].

R»
— W
R
>
— +
C R
Va II My—
N !

Figure 2.4 Wien Bridge oscillator [34]

The loop gain can be written as

1+R,/R
L(s) = 2 2.4
&) =37 R +1/sCR @4
After converting the equation to jo domain,
i 1+R, /R,
L(jo)= (2.5)

3+ j(@CR —1/0CR)

When the phase will be zero, that is, the loop gain will be a real number at one

frequency, and that is the oscillation frequency;

0y =1/CR (2.6)

At this frequency to obtain sustained oscillations, the magnitude of the loop gain has
to be unity. This can be achieved according to equation (2.5) by selecting
R,/R; =2 2.7

To ensure the oscillations will start, R, /R, has to be chosen slightly greater than 2.

The amplitude of oscillation can be determined and stabilized by using a nonlinear

control network.
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2.3.2 Basic LC Oscillator Topologies

An LC oscillator can be realized with one bipolar transistor in the signal path,

including a LC tank at the collector with the feedback signal applied to the base or

emitter (the same idea applies to FET implementations as well). So the feedback

model of Figure 2.1 is followed. The application is shown in Figure 2.5 having a tank

circuit consisting of an inductor and a capacitor parallel. Since at resonance the

impedance of the tank is real, the phase difference between its current and voltage is ‘
zero. Thus, to achieve a total phase equal to zero, the feedback signal must return to

emitter of the transistor. This is the basic idea in a number of oscillator topologies.

The same idea can be applied with FETs also [21].

I——K Q Q v ¥/gm

— &I = &I Impedance
< 1/ Transformer

Figure 2.5 (a) Feedback from collector to emitter (b) Insertion of an impedance
transformer [21].

If the collector voltage is directly applied to the emitter, the resistive loading (1/gm)
seen at the emitter terminal can reduce the Q of the tank. Consequently the loop gain
drops below unity preventing oscillation. There are ways to solve this problem. An
impedance transformer can transform the emitter impedance to a higher value before
it appears parallel with the tank as shown in Figure 2.5b. Secondly a lossless step-
down transformer having a turn ratio of n can be used to transformer the emitter

impedance to n*/gy, as shown in Figure 2.6.
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Em

Figure 2.6 Use of an explicit transformer [21].

A third method of passive impedance transformation can be achieved by using tanks
with capacitive or inductive dividers. These circuits are called as Colpitts and Hartley
oscillators. The definition of the quality factor Q and quality factor’s for different
tank circuits are given in Appendix A.

2.3.2.1 Colpitts Oscillator
The Colpitts oscillator and the equivalent circuit are shown in Figure 2.7. The
equivalent parallel resistance in the tank . is approximately equal to

1+C,/ CZ)2 /gm - So as discussed before the emitter impedance is transferred to a

higher value.

C2

Figure 2.7 Colpitts oscillator [21]
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The resonance frequency is,

1
Op = ————— 2.8
R C,C, @8

1C1+C2

If large voltage swings wanted to be achieved, the value of the inductor has to be
maximized. The reason is; the Q of the inductors is lower than that of capacitors, so

that the equivalent parallel resistance of the tank can be written as

Ly

Cc:qRS

Rp = (LIO)R)Z/RS = 2.9)
where Rs models the loss of the inductor as a series resistor and Ceq is the equivalent
capacitance of the tank.. In typical inductors, L; and Ry scale proportionally, that
means if L; increases by the factor m then so does Rp. The impedance of the tank at
resonance is equal to Rp, so the voltage swing for a given bias current also increases

by the same factor.

If the inductor is off-chip, increasing its value also minimizes the effect of bond wire
inductance, very important for high frequency applications over 1GHz. Maximizing
the value of inductor has got two disadvantages. First the self-resonance frequency of
the inductor decreases, approaching oscillation frequency of interest. Secondly, the
tank capacitance becomes limited by device capacitances, so that making it difficult

to vary the frequency by adding a variable capacitor to the oscillator.

Colpitts oscillator has two disadvantages. It provides only single-ended output.
Secondly, the ratio of the capacitors tends to be large number, for the emitter

impedance of the transistor to have negligible effects on the Q of the tank.

Colpitts oscillator can be designed with MOS transistors also as shown in Figure 2.8.

13
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Figure 2.8 Colpitts oscillator with MOS transistor [35]
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2.3.2.2 Hartley Oscillator

Hartley oscillator has the same structure with Colpitts oscillator, but inductive
dividers are used instead of capacitive dividers as shown in Figure 2.9. The

resonance frequency is

1
Oy = ———— 2.10
R L, (2.10)

'L, +L,

All the properties and trade-off of the Hartley oscillator is same with Colpitts
oscillator as mention in Section 2.3.2.1 But Hartley oscillator is less used than

Colpitts oscillator, due to incorporating two inductors.

Figure 2.9 Hartley oscillator [21]
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2.3.3 Crystal Oscillators

Crystal oscillators play an important role in modern electronic circuits. The resonant
frequency of a crystal is accurately defined and its quality factor is very high usually
more than 10000. Whenever an application requires precise definition of oscillation
frequency, low phase noise and low power, a crystal oscillator is the best candidate.
And also because of these facilities of crystal oscillator it is the first choice for

generating reference signals for frequency synthesizers.

2.33.1 Basics of Crystal Oscillators

A piezoelectric crystal shows electromechanical-resonance characteristics that are
very stable with time and temperature, and highly selective (having very high Q
factors). So the oscillators based on the characteristic of a crystal, are the most stable
ones. The circuit symbol of a crystal is shown in Figure 2.10a aﬁd its equivalent

circuit model is shown in Figure 2.10b.

f R
L ——GCp
=
L1 c,
(o]
(a) (b)

Figure 2.10 (a) [C;ry]stal resonator symbol (b) Equivalent circuit of a crystal resonator
4].
The resonance properties are characterized by a large inductance L, (as high as
hundreds of henries), a very small series capacitance Cs (as small as 100fF), a series
resistance Rs representing a Q factor woL/Rs that can be high as a few thousand, and
a parallel capacitance Cp (a few picofarads). Capacitor Cp represents the electrostatic
capacitance between the two parallel plates of the crystal. Note that Cp>>Cs. Due to
the high quality factor Q, the resistance Rs can be neglected and the crystal

impedance can be expressed as [34]

15



1
Z(s) =1/ sCp +—— 211
®) [S P sL+1/st @10

and can be written as

1 s? +(1/LCg)
sCp s? +[(Cp +Cg)/LCCp]

Z(s) = 2.12)

From this equation, it can bee seen that the crystal oscillator has two resonance

frequencies. The series resonance at o,

o, =1/,/LCs ' (2.13)

At series resonance frequency the impedance becomes almost zero. This happens
when the negative impedance of the capacitor Cs cancels the positive impedance of

the inductor L [36]. The parallel resonance at o,

o, =1/ L(ECS—fé—J (2.14)
P S

For s=jo, equation (2.14) can be written as

2 2
Z(j0) = —j— (m — % ] 2.15)

oCp | 0? —0,2

From equations (2.14) and (2.15) it seems ®w>ws but because Cp>>Cs, the two
resonance frequencies are very close to each other. Expressing Z(jo)=jX(o), the
crystal reactance X(w) will have the shape shown in Figure 2.11. It shows that the
crystal reactance is inductive over the very narrow frequency band between w, and

o, [34].
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Figure 2.11 Crystal reactance versus frequency

There are different configurations for crystal oscillators. Certain configurations give
superior performance in one area at the expense of other area. So the choice of the
circuit configuration is generally predicted by the required performance. Here, by
making few simple modifications to the common Colpitts-Pierce-Butler

configurations, some high performance crystal oscillators will be shown.

A parallel resonant oscillator is one in which the crystal and any load capacitance
across the crystal operate at a pole. This can be somewhat confusing, though, since
several components in series can function as a net capacitor or inductor at the
frequency of operation. Thus, capacitor and inductor may be placed in series with

crystal in a Colpitts oscillator, yet it will still be a parallel resonant oscillator [micro].

Note that we could take a Colpitts LC oscillator and place the crystal between the
transistor emitter and capacitor junctions as shown in Figures 2.12 and 2.13. This
oscillator would be considered series resonant since the crystal could be replaced
with a small resistor. However, the LC split tank would still be operating at its high
impedance or parallel resonant state. This illustrates the confusion that can be
generated by the use of the term series or parallel resonant. The only reason to
specify an oscillator as series or parallel resonant is so that one can specify the
crystal properly. The proper crystal load designation is usually obvious from the
circuit configuration [37].

TC YOKSEKOGRETIM KURULY
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Figure 2.12 Colpitts crystal oscillator operating in parallel resonant configuration
[37]-
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Figure 2.13 Colpitts crystal oscillator operating in series resonant configuration [37]

The crystal appears inductive in parallel resonant configuration and resistive in the

series resonant configuration, neglecting the small effect of the crystal Cp.

In Figure 2.14 Pierce and Colpitts crystal oscillators are shown in a different way
with comparison. The principle difference between them is the choice of signal
ground. If the emitter is grounded for the Pierce oscillator, the configuration reverts
to the Colpitts oscillator. Note that in Figure 2.14, the biasing circuits are not

illustrated for simplicity.
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Figure 2.14 (a) Pierce oscillator realization for fundamental crystals, (b) Colpitts
oscillator realization for fundamental crystals.

Colpitts crystal oscillator works very well for good performance up to about 5S0MHz.
Since there is no collector resistor in the typical Colpitts oscillator, the amplitude
limiting is done generally by cut-off in the transistor. This method of limiting is

preferable to saturation of the transistor.

The Pierce oscillator is also very capable of good performance, but the impedance at
the collector may cause transistor saturation if the oscillator gain is too high. This
oscillator can be used up-to 50MHz. In recent years low power design of high
frequency CMOS crystal oscillators with Pierce oscillator is achieved where the
oscillation frequency is tuned digitally [38]. More examples for different
configurations are explained in detail [37].

Pierce oscillator is the most common configuration to provide clock signal in digital
ICs. It’s crystal and load capacitors are connected between two pins of the IC. To
minimize the number of external components, load capacitors and bias resistor may
be integrated on chip. In Pierce oscillator both capacitors refer to ground, facilitating
the use of MOS gate capacitance and thereby greatly reducing the chip area. Due to
the limited numbers of pins on an IC package it is desirable to have the same
function with a single pin and crystal referring to ground. So having at least on
floating capacitor makes the chip area larger and IC expensive. A universal 0.03mm®

one pin crystal oscillator also presented in that overcomes these problems in ICs
[39].
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Crystals suffer from frequency drift with temperature today high performance
applications ask for much better frequency stabilities. This requires controlling
circuitry for either temperature of the crystal or for the frequency itself. In recent
years the systems are designed that uses digitally stored constants to tune the

frequency of a crystal oscillator depending on the ambient temperature [40].

Many measurement systems like pressure temperature or detection and measurement
of other physical or chemical quantities need specially designed sensitive crystals
and resonators. Analog ALC Crystal oscillator for high temperature applications are

used for these measurement applications [41].

In general the most common oscillation frequencies for crystal oscillator are of the
order of 10MHz, but crystal using a harmonic overtone of the fundamental resonance
frequency can achieve several- hundred MHz. But unfortunately they are fixed-

frequency circuits.

2.3.4 Relaxation oscillators

Monolithic oscillators can be realized with relaxation oscillators, which are capable
of high speeds. The basic circuit is the emitter-coupled multivibrator shown in Figure
2.15 [42,43].

Voo
o—e . . .
D, é R, Rzé D,
Qs { 1 Q.
QI‘\/DCK o
11
1
COSC

Figure 2.15 Emitter coupled multivibrator [42]
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They operate by alternately charging and discharging an energy storage element
between two initially set threshold voltage levels. In this oscillator Q; and Q;
alternately turn on and off. When one of these transistors is off, the node at its
emitter slowly changes to a more negative voltage due to the current following from
current source, I;, connected to emitter out of capacitance Cys, which is also
connected to the emitter. The transistors Q3 and Q4 both operate as level shifting
emitter followers and the diodes Dy and D, define the voltage swings at the collectors

of Q) and Q,. The oscillation frequency can be defined as [42]:

5

fose = 2.16
0sC 4VDcosc ( )

To control the oscillation frequency,. the current sources used to discharge Cos, are
made proportional to a control voltage. It should be noted that this oscillator could be
strongly temperature dependent due to the temperature dependence of Vp, which is
the voltage drop across a forward biased diode. Making all currents proportional to

absolute temperature can minimize this temperature dependence.

In Figure 2.16 a MOS relaxation oscillator is drawn. The analyses in [8] indicate that
MOS relaxation circuits has potential advantage over classical .bipolar circuits.
Parasitic MOS oscillator structures allow greater circuit integration and lower power
consumption. However the maximum oscillation frequency is related to the device
speed and device sizing and therefore parasitic-only MOS oscillators can be

optimized for speed through architecture and layout techniques.

VDDG
Rl RZ
M 1 MZ

O, @

I

Figure 2.16 A simplified circuit of CMOS relaxation oscillator 8]
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Since the relaxation oscillators do not require any external component for oscillation,
they are now becoming preferable in most high frequency fully integrated PLL
circuits. The relaxation oscillator architectures must have some form of

compensation, or use some special techniques to accommodate wide tuning range.

2.3.5 Ring Oscillators

Ring oscillator is a very important integrated oscillator configuration. Due to its
simplicity and its ease in IC integration as it does not need passive elements, it is

used in a lot of PLL frequency synthesizer and clock recovery designs.

A ring oscillator consists of number gain stages in a loop. There should be at least
three gain stages, with less the oscillation conditions are not satisfied. In Figure 2.17,
a three-stage ring oscillator is shown. According to the equations of loop gain and

phase, to satisfy oscillation, each stage requires a low frequency gain of 2 and it

oscillates at a frequency of ﬁmo where g is the 3dB bandwidth of each stage [35].

A simple implementation of ring oscillators that does not require resistors is shown
in Figure 2.17 where inverters are used. Here ¢ is determined by small-signal output
resistance and the capacitance of each inverter near the trip point whereas time delay

of inverter results from large signal, nonlinear current drive and capacitances of each

stage [35].

Figure 2.17 Three stage ring oscillator using CMOS inverters [35].

A ring oscillator employing more than three stages are also feasible but there must be

odd number of open loop inverting amplifiers in a feedback loop.

Figure 2.18 Five stage ring oscillator using CMOS inverters.
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A five-stage ring oscillator is shown in Figure 2.18. It is a form of negative feedback
but because each inverter has 90 degrees phase shift at its unity-gain frequency, it is
sure that loop gain will be greater than unity when the phase shift around the loop
becomes greater than 180 degrees. As a result the circuit is unstable and oscillation
occurs. Each half period, the signal will propagate around the loop with an inversion.
For example assume the output of the first inverter changes to one. This change will
propagate through all five inverters in a time T/2 at which time the output of the first
inverter will change to 0; after an additional time of T/2, the first inverter’s output
will change back to 1 and so on. Assuming each inverter has a delay of tipy and that

there are n inverters, then it can be written:

Lip—_ 2.17)

N |

1

2071,

f =

0s¢

(2.18)

] —

It is very important that in CMOS technology, ordinary CMOS inverters are not used
because they have a gate threshold voltage proportional to power supply voltage. In
most ring oscillators, fully differential inverters are used to obtain better power
supply insensitivity. When this is done, an even number of the inverters can be used
and the inversion required around the loop can be achieved by simply interchanging
the outputs of the last inverter before feeding them back to the input as shown in
Figure 2.19 [42]. This realization is very important advantage in that the outputs of
the middle inverters will have a quadrature phase relationships as compared with last
inverters. This type of ring oscillator is used in our design, which explained in
Chapter 4 and Chapter 5. The delay cells or inverters used for the ring oscillators are

also explained in Chapter 4.

STS
L

T

/

> Vour

\I
\
\l

o 0

+ —
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Figure 2.19 Four-stage ring oscillator with quadrature outputs [42]
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The number of stages in a ring oscillator is determined by various requirements,
including speed, power dissipation, noise immunity etc. In most applications, three to

five stages provide optimum performance (for differential implementations) [35].

2.3.6 Other LC oscillators

Both relaxation oscillator and ring oscillator are capable of an operating frequency in
the GHz range when implemented in an advanced submicron CMOS technology, and
they require no external passive components. But their phase noise behavior is
generally not good enough to be applicable in a wireless system. Lowering the phase
noise to an acceptable level requires too much power. The only other monolithic
oscillator type is the one based on the resonance of an inductor and capacitor
connected in a loop, the LC oscillator. Therefore LC oscillators seem to be more
suitable for wireless applications. In Section 2.3.2, we have mentioned about basic
LC topologies, but these are not used in the wireless systems. The ones that are

explained in this section and in Chapter 4 are the common ones.

VDD

Va o—[ M

Figure 2.20 Tuned gain stage [35]

Consider a tuned gain stage showed in Figure 2.20, placing the two stages of it in
cascade as depicted in Figure 2.21, the core of many LC oscillators is achieved. If

g Rpg8m2Rp 21, the loop oscillates. V4 and Vi are differential waveforms.
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Figure 2.21 Two tuned stages in a feedback loop [35]

This circuit can be drawn as in Figure 2.22. The drain currents of M1 and M2 and the
output swing heavily depend on the supply voltage.

Figure 2.22 Redraw of the oscillator in Fig. 2.21 [35].

VDD

[+

Figure 2.23 Addition of tail current to lower the supply sensitivity [35]
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Since the waveforms at nodes A and B are differential, the drawing in Figure 2.22
suggests that M1 and M2 can be converted to a differential pair as shown in Figure

2.23 where total bias current is defined by Igs.

In the beginning of oscillation, if there is zero difference between V4 and Vg then

Va=Vp=Vpp. The two transistors share the tail current equally. If (gmuRP)2 >1,

where Rp is the equivalent parallel resistance of the tank at resonance, then M1 and
M2 continually amplify the noise components at the resonance frequency, allowing
oscillation to grow. The drain currents of M1 and M2 vary according to
instantaneous value of V4-Vs. The oscillation amplitude grows until the loop gain
drops at the peaks. This oscillator is constructed fully differential form. The supply
sensitivity of the circuit is nonzero with perfect symmetry. This is because the drain
junction capacitances of M1 and M2 vary with the supply voltage [35].

As explained above, oscillators utilized in RF applications often fall in the feedback
category but where applicable, the one port model can give additional insight into
their operation with the concept of negative resistance. One port model treats the
oscillator as two one-port networks, are connected to each other as shown in Figure
2.24.

Active
. . |43 | Resonator
Circuit

R,=R,

Figure 2.24 One port view of oscillators [21]

Suppose the resonator is a simple tank shown in Figure 2.25a along with parasitic
resistances. As mentioned in Appendix A for a narrow band of frequencies, the

circuit can be converted to parallel combination shown in Figure 2.25b [21].
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(a) (@
Figure 2.25 (a) LC resonator (b) Equivalent circuit of (a)

The tank itself doesn’t oscillate indefinitely because some of the stored energy is
dissipated in Rp every cycle. The idea in one port model is that active network

generates an impedance equal to —Rp so that the equivalent parallel resistance seen

by the intrinsic, loseless resonator is infinite. So RP"(—R p) =, the tank oscillates

indefinitely. The active circuit replenishes the energy lost in Rp in every cycle [21].

We shbuld find the circuit, which provides negative resistance. The feedback
multiplies or divides the input and output impedances of circuits by a factor equal to
one plus the loop gain. If the loop gain is sufficient negative (the feedback is
sufficiently positive) a negative resistance is achieved. We can apply a positive
feedback around a source follower as shdwn in Figure 2.26, where the feedback is
implemented by a common gate stage and the current source Iy is added to provide
the bias current of M2 [35].

If gml =8m2 = gm’

_-2

R. =
gm

n

(2.19)

Negative resistance indicates that if the applied voltage increases, the current drawn
by the circuit decreases. The oscillator using negative input resistance of a source

follower with positive feedback is shown in Figure 2.27.
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M1

Figure 2.26 Source follower with positive feedback to create negative input

impedance [35].
1INgY
M2
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Figure 2.27 Oscillator using negative input resistance of a source follower with
positive feedback.
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Here Rp denotes the equivalent parallel resistance of the tank and for oscillation
build-up Rp —2/g,, 0. The inductor provides the bias current of M2. If the small
signal resistance presented by M1 and M2 to the tank is less negative than ~Rp, then
the circuit experiences large swings such that each transistor is nearly off for the part
of the period, thereby yielding an average resistance of -Rp. This circuit can be drawn
as in Figure 2.28 .If the drain current of M1 flows through a tank and the resulting
voltage is applied to the gate of M2, then the circuit topology as shown in Figure

2.29 is obtained. So we arrive to the same topology in Figure 2.23.
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Figure 2.28 Redrawing of the topology in Fig. 2.27[35].
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Figure 2.29 Differential version of the topology in Fig. 2.28 [35]
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There are two tank circuits here, if we merge these two tanks into one as shown in
Figure 2.30, it known that the cross-coupled pair must provide a negative resistance
of —-Rp between nodes A and B to enable oscillation. This resistance is equal to —2/gn
and it is necessary that Rp=>1/gn. The circuit can be viewed as either feedback system
or a negative resistance in parallel with a lossy tank. This topology is called a

“negative-Gp, oscillator”.
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Figure 2.30 Equivalent circuit of Fig. 2.29 [35]

This topology can be explained with Colpitts and Hartley oscillators. In Colpitts and
Hartley oscillators the impedance transformed by means of passive networks.
Consider the oscillator shown where active buffer, B; is used between the collector
and the emitter, presenting a relatively high impedance to the tank. As shown in
Figure 2.31a the buffer can be implemented as an emitter follower Figure 2.31b. The
circuit can also incorporate two inductors to operate differentially. However if the
inductors are off-chip bondwire parasitics make it difficult to achieve a small phase

mismatch between the two tanks.

The differential implementation of Figure 2.31b is shown in Figure 2.32. The
impedance seen at the collector of Q; and Q; can be calculated. As calculated before
with positive feedback R, =-2/g,. If ]Rinl is less than or equal to equivalent
parallel resistance of the tank, the circuit oscillates (negative G oscillator). A
capacitive divider can be inserted in the feedback path in order to avoid heavily
saturation of Q; and Q,. (Especially when the collector voltage of transistors exceed

400mV). This divider also allows greater voltage swings and higher common mode
level at nodes A and B than the bases of Q; and Q, [21].
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Figure 2.31 (a) Colpitts oscillator with active buffer in the feedback loop (b)
-implementation of buffer with emitter follower [21].

Figure 2.32 Differential implementation of Fig. 2.31(b)

The same type of LC oscillator can be designed with MOS transistors as shown in
Figure 2.33. Other type of LC oscillators is explained in Chapter 4 serving as VCOs.

Figure 2.33 Differential implementation of Fig. 2.31(b) with MOS transistors [21]

31



3. BASICS OF VCO DESIGN

In the previous chapter, we mentioned about the oscillation theory and some RF
oscillators basically. In wireless systems, as there is an operating frequency band
spec, we need oscillators that are controlled by voltage to oscillate at different
frequencies. In this chapter, we start with the definition of the VCO and the basic
VCO terms where we meet frequently in the books, journals or catalogues. The phase
noise of the RF system is mainly determined by the phase noise of the VCO,
therefore phase noise models of LC and ring oscillators are given. The key elements
in a VCO are inductors and varactors. Varactors are important for their effect on the
tuning range performance and inductors are important for the phase noise
performance. In the last sections of this chapter different types of varactor and

inductor implementations are explained with examples.

3.1 Voltage Controlled Oscillators

If the output frequency of an oscillator can be varied by a voltage, then the circuit is
called VCO. So an ideal VCO is circuit whose output frequency is a linear function
of its control voltage. Equation (3.1) explains the mathematical model of VCO

Doyt = Ofr + KVCOVcont (3.1)

In the equation wgr is the free running frequency meaning that the output frequency
when Von=0, Kvco is the gain of the VCO (expressed in rad/s/V). The equation
shows that for a practical change of V. creates a change around wrr. The definition

of VCO is showed in Figure 3.1.
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Figure 3.1 Definition of VCO [35]

-0, is the tuning range of the oscillator. The method of tuning the oscillator
depends on the type of oscillator. For this work we will discuss about ring and LC
VCOs. The tuning method of these VCOs is going to be discussed in Chapter 4 in
detailed. Before going further about VCOs we should know all the terms used for
VCOs.

3.2 Basic VCO Terms

The VCOs have important performance parameters like centre frequency, tuning
range, tuning linearity, phase noise, output amplitude, power dissipation etc. You can

find these parameters in the catalogue of a VCO, or in system specs.

Centre frequency: It is the midrange frequency of the VCO’s achievable frequency

range.

Tuning range: It is the frequency range that the VCO can achieve or the difference
between the achievable maximum and minimum frequency of the VCO. The tuning
range of a VCO is the necessary frequency range for the application. The variation
of the center frequency of the VCO with process and temperature also determines the
tuning range. Some applications incorporate clock frequencies that must vary by one
to two orders of magnitude depending on the mode of operation, demanding a

proportionally wide tuning range.

An important concern in the design of VCOs is the variation of the output phase and
frequency as a result of noise on the control line. For a given noise amplitude, the

noise in the output frequency 1is proportional to Kyco because
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Ogu = Opr + Kyeo Veone- Thus, to minimize this effect of noise in Vg, VCO gain
must be minimized, which is a constraint in direct conflict with the required tuning
range. In fact, if, as shown in Figure 3.1, the allowable range of Vo is from Vi to
V, and the tuning range must span at least ®; to ®z, then Kyco must satisfy the

following requirement [35]:

Wy — 0y
V,-V;

Kyco 2 (32)
Tuning Linearity: The deviation of the frequency versus tuning voltage
characteristic from a best-fit straight line. The tuning characteristics of the VCOs
exhibit nonlinearity because Kyco is not constant. This nonlinearity degrades the
settling behaviour of the PLL. Therefore it is desirable to- minimize the variation of
Kvco across tuning range. As shown in Figure 3.2, actual oscillator characteristics
typically exhibit a high gain region in the middle of the range and a low gain at the
two extremes. Compared to a linear characteristic (the gray line), the actual
behaviour displays a maximum gain greater than that predicted by the Equation (3.2),
implying that, for a given tuning range, nonlinearity inevitably leads to higher

sensitivity for some region of the characteristic.

Tuning Performance: In some books or journals, the tuning performance of the
VCO is also called tuning sensitivity, that enumerates how much a VCO’s frequency
changes per unit of tuning-voltage change. This is typically expressed in megahertz

per volt MHz/V).

>
Vl Vz Vcont

Figure 3.2 Nonlinear VCO characteristic[35]
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Tuning Speed: This is the time required for the output frequency to settle to within

90 percent of its final value on the application of a tuning-voltage step.

Output Amplitude: It is desirable to achieve large output oscillation amplitude, thus
making the waveform less sensitive to noise. The amplitude trades with power
dissipation, supply voltage, and even the tuning range. Also the amplitude may vary

across the tuning range which is an undesirable effect.

Power Dissipation: As with other analog circuits, oscillators suffer from trade-offs
between speed, power dissipation, and noise. Typical oscillator drain 1 to 10mW of

pOWwer.

Output Signal Purity: Even with a constant control voltage, output waveform of a
VCO is not perfectly periodic. The electronic noise of the devices in the oscillator
and supﬁly noise lead to noise in the output phase and frequency. These effects are
quantified by “jitter” and “phase noise” and determined by the requirements of the

application.

Frequency pushing: The changing of output frequency corresponding to a given
change in the supply voltage at a fixed tuning voltage. So it is the dependency of the
center frequency on the power supply voltage (in [MHz/V]).

The other important VCO terms like phase noise, varactors and inductors are going

to be explained in detailed in the next sections of this chapter.

3.3 Phase Noise

Phase noise is a very important performance parameter of RF systems. First the
definition and the effect of the phase noise is explained. Following that, the phase

noise models for LC and ring oscillators are discussed.

3.3.1 General Considerations

Oscillators, as other analog circuits, are susceptible to noise. Noise injected into an
oscillator by its constituent devices or by external means may influence both the

frequency and the amplitude of the output signal. In most cases, the disturbance in
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the amplitude is negligible or unimportant and only the random deviation of

frequency is considered.

In RF applications, phase noise usually characterized in the frequency domain. For
an ideal oscillator operating at frequency o, the output can be expressed as
Vou (1) = Acos(m,t +0), where A is the amplitude and 6 is a fixed phase reference.

Therefore the spectrum assumes the shape of a Dirac impulse. In a practical

oscillator, however, the output is more generally given by:

V.., (£) = A(t)cos(@,t +0(t)) (3.3)

where A(t) and O(t) are now functions of time. 6(t) is a small random excess phase
representing variations in the period. The function O(t) is called “phase noise”. The
spectrum of the actual oscillator will have sidebands close to the oscillation

frequency. The output spectrum of an ideal and actual oscillator is shown in Figure
33

Ideal Oscillator Actual Oscillator
®9 Cl)' o 0)’
—_ <«
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Figure 3.3 Output spectrum of the ideal and the actual oscillators [21]

To quantify this phase noise, we consider a unit bandwidth of an offset Aw from the
carrier, calculate the noise power in the band, and divide this result by the carrier
power. This is the single sided spectral noise density in units of deciBell carrier per
Hertz [dBc/Hz]:

(3.4)

L{A®) =10 log( noise power in a 1 - Hz badwidth at frequency w, + Amj

carrier power



Another plot of an oscillator signal with phase noise is given in Figure 3.4. This
spectrum is the power spectrum of an oscillator with a noisy phase angle. Therefore

it is the power spectrum of the V,u(t) given in Equation (3.3).
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Figure 3.4 Power spectrum of oscillator [44]

The frequency, fy, is the offset frequency from the center. As mentioned above phase
noise is usually specified in dBc/Hz at a given offset, where dBc refers to the level in
dB relative to the carrier. Therefore, the phase noise of an oscillator at a given offset
is found from the ratio of the power in a 1-Hz bandwidth at the offset frequency, to
the total powef of the carrier. In Figure 3.4, this would be the ratio of the area of the
rectangle with 1-Hz bandwidth at offset fy, to the total area under the power spectrum

curve.

The spectrum of the phase fluctuations themselves can also be shown, as in Figure
3.5 which is shown on a log-log scale, with phase noise sidebands that fall as 1/£,2,
or 20dB/decade. In practice, as described in [45] and [46], there are regions in the
sidebands where the phase can fall as 1/, 1/f* depending on the noise process
involved. The 1/f region is referred to as the “white frequency” variation region,
since it is due to white, or uncorrelated, fluctuations in the period of the oscillator.
The behaviour in this region is dominated by the thermal noise in the devices of the
oscillator circuit. For low enough offset frequencies the flicker noise of devices

generally comes into play and the spectrum in this region falls as 1/f>.
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Figure 3.5 Phase fluctuation power spectral density [44]

To understand the importance of phase noise in RF systems, consider a generic
transceiver as shown in Figure 3.6, where a local oscillator provides the carrier signal
for both the receive and transmit paths. If the LO output contains phase noise, both
upconverted and down converted signals are corrupted. This is shown in Figure 3.7
and in Figure 3.8 [6,21].

LNA

Band Pass
| Filter
i Duplexer Frequency

Filter Synthesizer {LOj
PA

< ‘ Band Pass
; Filter

Figure 3.6 Generic transceiver front end [6]

The ideal case is shown in Figure 3.7a. We note that the signal of interest is
convolved with an impulse and thus related to a lower (and a higher) frequency with
no change in its shape. In reality, however, the wanted signal may be accompanied
by a large interfere in an adjacent channel, and the local oscillator exhibits finite
phase noise as shown in Figure 3.7b. When two signals are mixed with the LO
output, the downconvertéd band consists of two overlapping spectra, with the wanted
signal suffering from significant noise due to the tail of the interferer. This effect is

called “reciprocal mixing”[21].
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Figure 3.7 (a) Downconversion by an ideal oscillator (b) reciprocal mixing
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The effect of the phase noise, on the transmit path is slightly different which is
shown in Figure 3.8. Suppose a noiseless receiver is to detect a weak signal at
while a powerful nearby transmitter generates a signal at ©; with substantial phase

noise tail of the transmitter. [6, 21]

Phase noise is a big search subject for researchers. Each researcher proposes new
phase noise models for different type of oscillators. In the sections below we will

discuss the phase noise of LC oscillators and ring oscillators.

3.3.2 LC Oscillator Phase Noise

-The phase of definition given with the Equation (3.4), is a general one for all
oscillators. In this section we will discuss about the phase noise models and

equations specialized for LC oscillator. But first we will discuss about the definitions

of Q.

The phase noise of LC oscillators usually depend on their Q. We expect that the
higher the Q of the tank, the sharper resonance and the lower phase noise skirts. It is
better to examine the three definitions of Q within the context of oscillator before we
go deep in phase noise in LC oscillators. We will discuss about three definitions of
Q. For an RLC circuit, Q is defined as the ratio of the center frequency and the two
sided —3dB bandwidth as shown in Figure 3.9 [6].

| H(jo) |

N,
>
O

Figure 3.9 A definition of Q [21]
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Figure 3.10 Definition of Q based on open-loop phase slope [21]
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However if the inductor is removed, this definition cannot be applied. A more
general definition is: 27 times the ratio of the stored energy and the dissipated energy
per cycle, and can be measured by a step input and observing the decay of
oscillations at the output. Again if the circuit has no oscillatory behaviour (e.g,
contains no inductors), it is difficult to define the energy dissipated per cycle. As
shown in Figure 3.10, in a third definition, the circuit is considered as a feedback
system and the phase of the open-loop transfer function, ¢(w), is examined at

resonance. The Q is defined as

Q=2 (3.5)

2 |do

The open-loop Q is a measure of how much the closed-loop system opposes

variations in the frequency of oscillation.

There is a wide body of work on phase noise in LC-tuned oscillators, including
Leeson [47], Underhill [48], and others [49]. These analyses use a linear circuit
model for the oscillator feedback circuit. Analysis is then carried out in the frequency
domain to determine phase noise sidebands directly. Experimental results have been
matched well with theory, showing among other things, that phase noise improves

with the quality factor (Q) of the resonance squared.

The Leeson-Cutler phase noise model is based on a linear time variant (LTI)
assumption for tuned LC tanks [73]. It predicts the following behaviour for phase

noise as follows:

L{Aw) = IOlog{ 21;kT !1 + (ZQ(DOA(D) J(l - _lczos—lmllf—J} (3.6)
s L
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where F is an empirical parameter (often called the “device excess noise number™), k
is Boltzman’s constant , T is the absolute temperature, Ps is the average power
dissipated in the resistive part of the tank, w¢ is the oscillation frequency, Q is the
effective quality factor of the tank with all the loadings in place (also known as
loaded Q), Aw is the offset from the carrier and Aoy is the frequency of the corner
between1/f and 1/f regions which is shown in power spectrum of the oscillator in
Figure 3.4. This model suggests that increasing Q and signal amplitude are ways to
reduce phase noise. But for the factor F, without knowing precisely what it depends
on, it is difficult to identify specific ways to reduce it. The same problem exits with

Aoy as well [50].

Another model for LC tuned oscillators use the LTI approach and there is an
embedded assumption of no amplitude limiting, contrary to most practical cases. The

general circuit diagram of an LC-tuned oscillator is shown in Figure 3.11.

} Vout
; +
A5y L

Figure 3.11 General circuit diagram for an LC tune oscillator [11]

All parasitic resistances are included. The transconductance Gy implements a
negative resistance to compensate for the losses in Ry, Ry, and Re. This model [51]

predicts:

2
KTR 1 + A}(‘K"l)
L{Aw) =10log ® (.7)
signal
Here, Resr is the total equivalent series resistance of the LC tank, given by
R.+ =R, +R +——1——— (3.8)
eff ! C R, (Cog ) .
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g is the oscillation frequency, Ao is the frequency offset from the carrier, Psigna is
the power of the carrier signal. A is an empirical fitting parameter, also called the
excess noise factor of the amplifier circuit of the oscillator [12]. This amplifier
circuit is the negative-Gy, oscillator type that has NMOS amplifying transistors as
shown in Figure 2.33. The examples of the different VCO designs where this model
is used to calculate the phase noise are [11,12]. In these journals we can see that the
measured phase noise values agree very well with the theoretical values. In the given
equation (3.7), it shows that the inductors with a very low series resistance are

required for low-phase-noise oscillators.

The calculations above are for the oscillators with a passive inductor. The oscillators
employing active inductors have larger phase noise because of the noise generated by
the active elements of the inductor. The same model predicts the phase noise with

active inductor with the following equation

2
KTR [+ A + 2Q}(Z’—°]
()]

P

signal

L{Aw}=10log (3.9)

where Q=1/Res(woC). Compared to the phase noise equations for a passive inductor
(Equation (3.7)), the factor [1+A] is now expanded with a term 2Q. Since mostly Q-
factors are large as possible are used, the last term will be dominant achieving a

phase noise larger than passive inductor-implementations.

Another model is a linear, time varying (LTV) phase-noise theory, which is
explained in [50]. There are two LC oscillator examples with comparison of
theoretical and measured phase noise. Different studies on LC oscillator phase noise
can be found in [52-54].

3.3.3 Ring Oscillator Phase Noise

The analysis of noise in ring oscillators is done with results for both time domain and
frequency domain approaches. In this analysis, timing jitter is derived directly in the
time domain, and a link is made back to the frequency domain to determine phase

noise sidebands which result from device thermal noise in the inverter delay cells
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which make up the ring. This translation will be shown to map well to the 1/f* region

of the phase noise sidebands described in Section 3.3.1.

In addition to the time domain approach, phase noise in ring oscillators has also been
investigated directly in the frequency domain. In the limit that a ring is oscillating at
a high enough frequency that delay stages do not have a chance to fully switch, then
a feedback model can be applied. It has been suggested that a ring oscillator is a
feedback oscillator with an effective Q of one. A more detailed analysis, carried out
by Razavi [6], defines Q in terms of the derivative of the phase angle function in a
linearized version‘ of the ring oscillator loop. Typical Q’s in this analysis are in the
range of 1.3 to 1.4. In this work a three-stage ring oscillator VCO is used. To
calculate phase noise, the signal path of the VCO is modelled with a linerized circuit

DInl Rg —Cdblnz R —CG:)Ixﬁ

1

as shown in Figure 3.12.

=
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Figure 3.12 Linearized of CMOS VCO [6]

R and C represent the output resistance and load capacitance of each stage
respectively. In this work, additive noise, high frequency multiplicative noise, low-
frequency multiplicative noise, cyclostationary noise sources are calculated [6]. The
choice of the number of the stages is also discussed. For the cases of interest in RF
applications, a comparison is done with three-stage and four-stage ring oscillator. It
is considered that both of them are designed to operate at the same frequency. Three
observations are made during the simulations: 1) If four stage oscillator is to operate
at the same speed as the three-stage VCO, the value of the R in the former must be
approximately 60% of that the latter. 2) The Q’s of the two VCO’s are roughly equal.
3) The total additive thermal noise of the two VCO’s is about the same, because

four-stage topology has more sources of noise, but with lower magnitudes.

As a conclusion, first, the phase noise depends on not only the Q, but also the

number and the magnitude of sources of noise in the circuit. Secondly, four-stage
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VCO’s have no significant advantage over three stage VCO’s, except for providing

quadrature outputs.

Another study of ring oscillators is done for different type ring oscillators [14,50].
These are single-ended CMOS, differential CMOS and bipolar ring oscillators.

Starting with a single-ended CMOS ring oscillator with inverter delay cells which
have equal-length NMOS and PMOS transistors. Assuming VT_\-=|VTp Iand the
thermal noise sources of different devices are uncorrelated and using N delay cells,

the phase noise is modeled with the following formula

L{Af) ~ = X2 YDD (3.10)

where m is proportionality constant, which is typically close to one. Ve is the
characteristic voltage of the device. P is the total power dissipation. From the
equation, minimum phase noise is inversely proportional to the power dissipation
and grows quadratically with the oscillator frequency. For a single-ended CMOS ring

oscillator, phase noise is not dependent on the number of the stages.

For a differential CMOS ring oscillator with a resistive load, a differential pair is
used for the delay cell and only the noise of the differential transistors and the load
are taken into account. The expression for the phase noise of the differential MOS

ring oscillator is

\% \Y/ £,2
L {Af) = = N<2| Yoo, Voo L (3.11)
I P\ Vga Rilg JAf

where N is the number of the stages and L is the tail bias current of the differential
pair. Note that in contrast with the single-ended ring oscillator, a differential
oscillator does exhibit a phase noise dependency on the number of the stages, with
the phase noise degrading as the number of the stages increases for a given frequency
and power dissipation. For bipolar differential ring oscillator the same Equation
(3.11) is used with the appropriate choice of Vepar. In this study [55], many different

ring oscillators are tested having different dimensions of transistors or different
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number of stages. The measured results quite agree with the theoretical results. Other

general theories and some examples on ring oscillators can be found in [56,57].

LC oscillators generally have better phase noise compared to ring oscillators for two
reasons. First, a ring oscillator stores a certain amount of energy in the capacitors
during every cycle and dissipates all the stored energy during the same cycle, while
an LC resonator dissipates only 2n/Q of the total energy during one cycle. Thus, for a
given power dissipation in steady state, a ring oscillator suffers from a smaller
“maximum charge swing. Second, in a ring oscillator, the device noise is maximum
during the transitions, which is the time where the sensitivity is largest. For ring-
oscillator VCOs, however, there is freedom for the designer to change the current per
stage, Iss, over several orders of magnitude, allowing for a range of possible phase
noise performance levels. Since device sizes are scaled with the current, this implies
an increase in area as well. In some applications there are other reasons to increase
the size and power consumption of the ring as well. In a PLL for instance, it makes
sense that the VCO power budget is at least as high as for the other components of
the system. Also, for applications where the VCO is called upon to drive mixers or

sampling circuits with reasonably high capacitive loads, a larger VCO is favoured.

3.4 Varactors

The oscillation frequency of LC topologies is equal to fos=1/(27,/LC) , that only the

inductor and capacitor values can be varied to tune the frequency. Other parameters
such as biasing currents and transistor transconductances affect fos negligibly. Since
it is difficult to vary the value of monolithic inductors, we simply change the tank
capacitance to tune the oscillator. Voltage dependent capacitors are called

“varactors”.

Varactors are an active research area for LC oscillator designers. The performance of
the varactors effect very much on the phase noise and the tuning range of the
oscillator. Varactor diodes, MOS varactors, inversion-mode, accumulation-mode

MOS capacitors and gated MOS varactors are types of varactors.
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3.4.1 Varactor Diodes

A reveres-biased pn junction can serve as a varactor. The voltage dependence is

expressed as

(3.12)

where Cy is the zero-bias voltage value, Vy is the reverse-bias voltage, ¢ is the built-
in potential of the junction, and m is a value typically between 0.3 and 0.4. This
equation reveals an important drawback of LC oscillators: at low supply voltages, Vg
has a very limited range, yielding a small range for C,r and hence for foe. To
maximize the tuning range of the oscillator, constant capacitances in the tank must be

minimized [35].

Remember the cross-coupled LC oscillator, which is explained in Section 2.3.6. The
LC oscillator with varactor diodes is shown in Figure 3.13. To avoid forward biasing
D1 and D2, Vo must not exceed Vx or Vy by more than a few hundred millivolts.
Since the swings at X and Y are typically large, the capacitance of D1 and D2 varied
with time. Nonetheless, the average value of the capacitance is still a function of

Veont, providing the tuning range [35].

Vop

N\ D2

Veont

Figure 3.13 LC oscillator using varactor diodes
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Figure 3.14 Diodes realized in CMOS technology [35]

Varactor diodes can be realized in different technologies. Two varactor diodes
realized in CMOS technology are shown in Figure 3.14. In Figure 3.14a, the anode is
inevitably grounded whereas in Figure 3.14b, both terminals are floating. For the
. oscillator shown in Figure 3.13, only the floating diode can be used as the anode of
the diode is connected to V.o and the cathode is connected to node X or Y. But this
structure suffers from a number of drawbacks. First n-well material has a high
resistivity, creating a resistance in series with reverse-biased diode and lowering the
quality factor of the capacitance. Second, the n-well displays substantial capacitance
to the. substrate, contributing a constant capacitance to the tank and limiting the
tuning range. The diode is therefore represented as shown in Figure 3.15, where C,

represents the (voltage dependent) capacitance between the n-well and the substrate.

D1 Ri

I

Figure 3.15 Circuit model of the varactor diode shown in Figure 3.14b

In order to decrease the series resistance of the floating diode structure, the p* region
can be surrounded by an n* ring so that the displacement current flowing through the

junction capacitance sees a low resistance in all four directions.

There are different applications with varactor diodes for LC oscillators. Tunable
junction capacitors is made as a p+ active area in an n-well [12,13,36]. Its
capacitance can be tuned with the control voltage V¢, which controls the bias voltage

of the n-well. Since this n-well is a common-mode node for D1 and D2, its parasitic
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capacitance to substrate is not important. The performance of this diode type is

explained in chapter 4 with its VCO design.

Another varactor diode type with CMOS technology is used for a symmetric
implementation commonly used in the design of CMOS VCOs, which is explained in
Chapter 4. In an N-tub CMOS process, the diodes are made of a p'n'n’ lateral
diffusion sequence where n’ is the doping level of the N-tub. Since N-tub has a high
resistivity (about 1K€/0), the parasitic resistance introduced by the varactor diode is
not negligible and may have severely affect the varactor’s Q value [58]. The tuning

characteristic of the VCO with diode varactor is shown in Figure 3.16.
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Figure 3.16 Tuning characteristic of the VCO with diode varactor [58]

The varactor diodes can also be realized with bipolar IC technology. In a bipolar
technology, a p-n junction type varactor is readily available, for example, by
connecting the emitter to the base of the transistor and using the collector-base
junction reverse biased. Alternatively the base-emitter junction can be used.
Generally, the collector-base junction has a higher breakdown voltage than the base-
emitter junction breakdown voltage. Figure 3.17 shows simulated capacitance curve
of 20 NPN’s in parallel with base and emitter short-emitter short-circuited [59]. The
simulated capacitance ratio is 1.9 with reverse bias voltage Vi varying from 0 to
5V.

More examples on varactor diodes will be given in next sections with MOS

varactors.
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Figure 3.17 Capacitance curve of the p-n junction varactor [59]

3.4.2 MOS Varactors

In any CMOS process, there is readily available capacitance tunable by voltage,
which is the MOS transistor itself. It is well known that a MOS transistor with drain,
source and bulk (D, S, B) connected together realizes an MOS capacitor with
capacitance value dependent on the voltage Vg between B (bulk) and G (gate). In
the case of a pMOS capacitor, an inversion channel with mobile holes builds up for
Vie> | V1 | , Where |VT I is the threshold voltage of the transistor. The condition '
VBG>>|VT|guarantees that the MOS capacitor works in the strong inversion, the
region where the MOS device shows a transistor behaviour. On the other hand, for
some voltage Vg>Vg, the MOS device enters the accumulation region, where the
voltage at the interface between gate oxide and semiconductor is positive and high
enough to allow electrons to move freely. Thus, in both strong inversion and
accumulation region the value of the MOS capacitance Cps is equal to Cox=€0xS/tox,

where S and to, are the transistors channel area and the oxide thickness, respectively
[60].

Three more regions can be distinguished for intermediate values of Vpg: moderate
inversion, weak inversion and depletion. In these regions there are few or very few
mobile charge carriers at the gate oxide interface, which causes a decreases of the
capacitance Cpos of the MOS device. Cpos NOow can be modelled as Cyy in series with
parallel of capacitances Cp and C;. C, accounts for the modulation of the depletion

region below oxide, while C; is related to the variation of the number of the holes at
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the gate oxide interface. If Cp (C;) dominates, the MOS device is working in
depletion (moderate inversion) region; if neither capacitance dominates, the MOS
device is working in the weak inversion region. The behaviour of Cy,s versus Vpg is

reproduced qualitatively as shown in Figure 3.18 [60].

Lcmos

ox

Accumulation Depletion / \ Strong inversion

Weak inversion Moderate inversion

Figure 3.18 Tuning characteristic for the pMOS varactor with B=D=S [60].

It should be noted that this figure shows Cros-Vpg characteristic for a very small vig
signal superimposed on bias voltage Vpg. If the signal vy is large, as it happens in -
the VCO circuits, then the instantaneous value of the Cpes still varies with Vgg [60].
In Figure 3.19, a simulated capacitance curve of the pMOS varactor is shown [59].
The simulated device has a W/L of 200um/1.2um and is buiit up with 20 deviées in
parallel. Hence the total width of the varactor is 4000um. The bulk is connected to
the drain and source contact and forms the varactor cathode. The gate terminal acts
as an anode. The performance of the VCOs which uses MOS varactors is explained
in Chapter 4 [58,59,61]. In early researches like [58], it is believed that diode
varactor shows a better performance than the MOS varactor, but in the next sections
we will see that with different type of MOS varactors have better performance than

diode varactors.
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Figure 3.19 Simulated capacitance curve of the pMOS varactor [59]

3.4.3 Inversion-Mode MOS varactor

In the section above, we have mentioned that when the signal at <the transistor gate
is large, then the instantaneous value of Cpes changes throughout the signal period.
Although the average value of Cp,;s is still a function of Vg, the tuning capability of

the circuit is weakened by the nonmonotonicity of Cpos.

Cmos (pF)

Vsg (V)

Figure 3.20 Tuning characteristics for the inversion-mode MOS varactor [60].

One way to obtain an almost monotonic function for Cpes is by ensuring that the
transistor does not enter the accumulation region for a very wide range of values of
Vg [60]. This is accomplished by removing the connection between D-S and B, and
connecting B to the highest dc-voltage available in the circuit (i.e., the power supply
Vpp). We call this topology as Inversion-mode MOS or I-MOS varactor. Figure 3.20
shows the comparison between the simulated Cpes-Vsg characteristics of two equally
sized pMOS capacitors designed in the CMOS process used in [60]. It is clear that
the tuning range of the pMOS capacitor with Vg=Vpp is much wider than for the
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pMOS capacitor with B=D=S, since the former capacitance is working in the strong,
moderate or weak inversion region only and never enter the accumulation region. It
should be noted that an equally large tuning range can be obtained with an nMOS
capacitor floating D-S and grounded B, which is readily available in a p-substrate
CMOS process. It is shown in [60] that I-MOS varactor VCO has less power
consumption and than the diode varactor VCO has. The phase noise performance of
the I-MOS VCO at high offset frequencies is lower than diode varactor VCO. The
tuning performance of the I-MOS varactor VCO is nearly the same with the diode
varactor, only the linear portion of the tuning characteristic of I-MOS is reduced
compared to the diode varactor VCO [60]. '

3.4.4 Accumulation mode MOS varactor

G

el
|4

Figure 3.21 Accumulation-mode MOS varactor [60]

Another attractive way is the use of pMOS device in the depletion and accumulation
regions only [62]. This solution allows for implementation of a MOS capacitor with
large tuning range (Cpoes does not climb back to Coy since there is no inversion
regions), together with a lower parasitic resistance. To obtain an accumulation-mode
MOS capacitor, we must make sure that the formation of the strong, moderate and
weak inversion regions is inhibited, which requires the suppression of any injection
holes in the MOS channel. This can be accomplished with the removal of the D-S
diffusions (p'doped) from the MOS device (since we are dealing with circuits
working at high frequencies, we do not need to worry about thermal generation of the
hole-electron pairs). At the same time, we can implement the bulk contacts (n*) in
the place left by D-S, as shown in Figure 3.21, which minimizes the parasitic n-well
resistance of the device. The tuning characteristic of the A-MOS capacitor is shown
in Figure 3.22, compared with that of the pMOS capacitor with B=D=S.
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Figure 3.22 Tuning characteristic for the accumulation mode varactor [60]
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Figure 3.23 Measured Q factor of accumulation MOS varactors presented in [62]

In the first study of accumulation MOS varactor in [62] the Q of the capacitance is
modelled and measured for different frequencies as shown in Figure 3.23. Q reaches
minimum at flatband voltage where changes in capacitance is large, so there is a

trade-off between Q and capacitance tuning. The tuning range is calculated as

2C
=2 (3.13)
Cox +2CSi,min
where this value is 200% at the maximum limit. Csjmin is the minimum

semiconductor capacitance. As technology scales tuning range increases towards the

limit.

In the study of [60] with different type of varactors, accumulation MOS varactor

VCO has the minimum power consumption as shown in Figure 3.24. Phase noise of
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the accumulation MOS (A-MOS) varactor VCO is better at high offset frequencies.
The detailed results for these VCOs is given in Chapter 4.

1dd (mA)
&

4f 1-MOS -1
L2 .
. A-MOS J
ol = TR w5
Carrier frequency (GHz)

Figure 3.24 Minimum current consumption for the diode varactor VCO, I-MOS
varactor VCO, and A-MOS varactor VCO [60].

Another study for accumulation MOS varactors is based on a polysilicon-oxide-
nwell structure. The varactor is realized in a standard CMOS process, by changing
the surface population from the accumulation to depletion. With technology scaling,
the oxide thickness is reduced and correspondingly the oxide capacitance is
increased. Scaled technologies enable to realize polysilicon oxide semiconductor
varactors with better quality factors because the parasitic resistance scales with
channel length. In Figure 3.25 the cross-section of the device is shown. The
polysilicon gate and the two n' contacts inside the n-well are the controlling
electrodes. By applying a positive voltage between the polysilicon and the n-well the
surface is accumulated and the device capacitance equals the oxide capacitance. If
the applied voltage is reverse, the surface layer is depleted and the device
capacitance decreases. With technology scaling, the quality factor increases. The
varactor is realized in 0.35um standard CMOS process. The change of the capacitor
and the quality factor with the bias voltage at 1800MHz is shown in Figure 3.26.
The capacitance changes from about 1.7pF (when the surface is depleted) to 3.5pF
(when it is accumulated). The quality factor changes from 17 (corresponding to the
large capacitance, accumulation) to 33 (corresponding to the small capacitance). 30%

tuning range is achieved for a variation of the tuning voltage of 2V [63].
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Figure 3.25 Polysilicon oxide silicon varactor: cross section [63]

35 LIlll LILILI LR ) LR P> » - l"ll. 3!5
A ]
830F M\‘ : 13
&8 Z<——""‘l ]
2.t N\ 1,.8
25 255
g C E Q
20: / N B :2
15 IBESREEEE Litt 1rtt 1.1 it21 i1t 1.5
3 <2 -1 01 2 3 4

Vb[V]
Figure 3.26 Measured capacitance and quality factor at 1800MHz [63].

3.4.5 Gated MOS varactor

The accumulation-mode MOS varactor can theoretically achieve quite high quality
factor. In [64] it is said that the maximum capacitance variation of the accumulation
mode varactor is limited to the difference between Cox and minimum depletion
capacitance. And the sensitivity is limited by the classic capacitance-voltage (C-V)
characteristics of the MOS device. The gated varactor achieves wider tuning range
than the accumulation MOS varactor. The cross-sectional view of the varactor is

shown in Figure 3.27 [65].
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Figure 3.27 Cross-section of the P-type (N-body) gated varactor. V4 and V, are the
bias voltage applied to the “Drain” and “Gate” respectively [65].

The structure of the varactor is similar to a p-channel MOS transistor with the drain
replaces by an N+ region. This varactor is a tree-terminal device rather than two-
terminal devices as in conventional varactor. The gate capacitance Cg and the lateral
junction capacitance Cpn make up the total capacitance. Varying the drain voltage
and the gate voltage can vary the total capacitance measured at the drain. When the
applied voltage Vy is far above the flatband voltage Vg, the silicon surface of the n-
region under the gate is accumulated with electrons provided by the n+ region and
the capacitance Cg is at a maximum at drain voltage V4=0V. The total capacitance
(Cmax) is equal to the gate oxide capacitance plus the drain/source junction
capacitance. The Cpax of the gated varactor is larger than the Cpax of the
accumulation mode varactor, which is essentially the gate oxide capacitance. When
the gate is grounded and a positive voltage is applied at the drain, an inversion layer
is formed beneath the gate and the region under the channel is further depleted by the
drain due to the subsurface DIBL effect. As a result, the depletion region can extend
further than accumulation-mode varactor and hence achieving a minimum

capacitance less than that of the accumulation-mode varactor.

A plot of capacitance value versus the biasing voltages of a gated varactor, which is

implemented in 0.35um CMOS technology, is shown in Figure 3.28 [65].
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Figure 3.28 The C-V characteristic of the gated varactors versus gate voltage V at
various V4-Cox is the gate oxide capacitance and C;, is the zero-bias
junction capacitance [65].

The capacitance of the varactor increases from 0.8pF to 2.25pF as the gate/drain
voltage varies OV to 2V. The variation covers 90% of the tuning range. This allows
the varactor to Be used in low voltage VCO. Wide tuning range VCO can be
achieved without increasing the power supply voltage. The maximum quality factor

of the varactor is measured to be 22 at 2GHz.

3.5 Inductors

Integrated inductors are also a big research are like varactors, but unlike them,
inductors are not readily available in a standard process. In this section we will
discuss about active inductors and passive inductors like bondwires and different
type of spiral inductors. We will mention about their quality factor value, which is a
key design point for a low phase noise VCO. The total performance of the VCOs
with different inductor types is explained in Chapter 4.

3.5.1 Active inductors

An often-used way to integrate an inductor is to simulate one with active elements.
These active elements can modify the impedance of a capacitor such that the input
impedance of the circuit resembles that of an inductor. In general, a gyrator and a
capacitor are required which is shown in Figure 3.29. The equivalent inductance can

easily be calculated as [11]:
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Leq = (3.14)
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Figure 3.29 A gyrator based active inductor circuit diagram [11]

Practical realizations of this structure can achieve very high speeds. A GaAs
implementation [66] has proven to be able to operate up to the cut-off frequency of a
single transistor. Therefore, submicron CMOS active inductors are possible at 1 or
2GHz. Apart from.that, an active inductor has the advantage that it is tunable, which
allows an easy realization of a tunable oscillator. The biggest problem associated
with active inductors is their noise contribution to the circuit. The noise is generated
by both transconductors in the gyrator. The phase noise model of the VCO with an
active inductor is discussed in Section 3.3.2. The noise sources effect very badly to
the phase noise of the VCO. Therefore, passive implementations of integrated

passive inductors are necessary.

3.5.2 Bondwire Inductors

From phase noise calculations in the previous sections, clearly the best inductor for
low-phase-noise oscillator is a passive inductor with a series resistance as low as
possible. Since the bonding process is a standard step in the fabrication of ICs,
bondwire inductors can be regarded as being a standard passive element of a silicon
CMOS technology. Normally a bonding wire connects a pad of the IC to a pin
package. A rule of thumb for the inductance associate with this connection is 1nH
per mm length. So, the inductance values of several nH can be realized. In
combination with 4pF capacitor, only 6nH is needed to create an LC tank oscillating
at 1GHz. The series resistance of the bondwire is very low, so high quality factors
can be accomplished. Also the parasitic capacitance to the substrate is limited to the

capacitance of two bondpads, so the self-resonance frequency will be high [36].
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A differential bondwire inductor is shown in Figure 3.30. Some first order formulas

to calculate the inductance value, are [67]:

/ 2] r
L —g{ln(—)»0.75+7} (3.15)

r

1y |1 A% d) . d .

where L is the self inductance in nH of one conductor, M is the mutual inductance in

nH between the two conductors, / is the conductor length in mm, r is the radius of the

cross section in mm and d is the distance between the two conductors in mm [36].
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Figure 3.30 Differential bondwire inductor [36]

Since we want to predict the inductance value as correctly as possible, the length of
bondwires must be controlled accurately. This can be done using chip-to-chip bonds.
Real bondwires, however, are never straight conductors, and the actual inductance
value will differ from the one calculated with the equations (3.15) and (3.16). This is
due to several uncertainties in the fabrication of bondwire inductors. These are
explained in [11]. When the variation of bondwire parameters are calculated, it has
been found that the final inductance value to be within 6% of the expected value
[11]. This is very acceptable for LC-tuned oscillators, since there will always be a
larger uncertainty on the requested capacitor value. For tunability, junction
capacitors are required. The variation on their capacitance value is even worse, €.g8., a
MOS drain or source capacitance can vary £20%. This shows that the deviation in
the oscillation frequency from the expected value will be mostly due to an incorrect

capacitance value.
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When the inductor is used differentially, the internal node will be a common mode
node, and the parasitic effect of the bondpads and that end of the bondwire will not
be important. So the only parasitic capacitance is the one from the two bondpads at
the beginning of the bondwires. A bondpad can be modeled by a capacitor in series

with the resistance of the substrate. This is shown in Figure 3.31.

Figure 3.31 Parasitic elements of the bonding pad[36]

Typical values for these parasitic are estimated to be 400fF for Cpaq and 20Q2 for Rpag,
The series resistance will increase the losses in the LC-tank, but its effect can be
small when a larger capacitor is placed in parallel with the bondpad. The parasitic
capacitance determines the self-resonant frequency of the inductor. For a differential
bondwire inductor as in Figure 3.30, the two-bondpad capacitors are placed in series,
so the resulting parallel capacitance is typically 200fF. With an inductance value of
e.2., 5nH, this yields a self-resonant frequency of 5GHz. However, at high
frequencies, the skin effect becomes important.

An LC-tank is designed for 1.8GHz VCO. In Figure 3.32 it is shown that two
inductors and two capacitors are used. The LC-tank is implemented using bondwire
inductors as shown in Figure 3.33. Four bondwires (two per inductor) are used.
Their placement next to each other causes them to interact, an effect that was
accounted for by incorporating the appropriate mutual inductances in the simulations.
Because of the interaction, the effect of the horizontal bends in the bondwires is not
as severe as was calculated in Equations (3.15), (3.16). If one of the mutual
inductances increases because of the because of the smaller spacing, another will

decrease [11].
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Figure 3.32 Low-voltage enhanced LC-tank circuit
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Figure 3.33 Low-voltage enhanced LC-tank bondwire implementation [11]

The capacitors are realized as the series connection of two capacitors. The first one
(Cla and C2a) is a Metall/Metal2 capacitor and shifts the dc-voltage at the internal
node to ground. The other capacitors (C1b and C2b) are varactor diodes, which are
p'/n-well junction capacitors. The advantage of this type of LC-tank is the branch of
having only one inductor (L1). This makes it possible to develop a simple
transconductor, since the tank’s impedance at low frequencies is zero. The total

performance of the VCO is given in chapter 4 with this LC-tank.

Bondwire inductor is also used in a 1.8GHz VCO design [60], which the design is
especially done to test different type of varactors. Since the objective of the work is
to make the behaviour of the VCO’s sensitive to the respective varactor, it is
necessary to design the VCO’s in a way that guarantees that the parasitic resistance
of the varactors dominate the performance of the VCO’s. This condition rules out the
use of monolithic spiral inductor in favour of on-chip bondwire inductors as they
have higher Q value.

More examples on bondwire inductance are in the next section with spiral inductors.
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3.5.3 Spiral Inductors

Spiral inductor is more normal type of integrated inductor than the bondwire
inductor. For the designer, it is easier to able to use a spiral metal track laid out in the
standard metal routing levels of the IC as an inductor. If the required specifications
can be achieved with this technique, the cost will certainly be lower than a design
using bonding wire inductors. The die area can be reduced by an order of magnitude,
and the variations in inductance value due to the non-uniform bonding are of course
no longer present. Once the processing masks are made, the inductor geometry will
always be the same, since the processing accuracy (<0.1pm) is certainly negligible

with respect to the size of the coil (=100um).

Although the spiral inductor solution is smarter than the bonding-wire design, it has
some major drawbacks. A lot of parasitics limit the quality of the inductors, which
has led many designers to the use of special processing techniques to enhance their
performance. To decrease the series resistance, multi-level and extra thick
metallization are used. And to eliminate the self-resonance with parasitic capacitance

“to the substrate, this substrate is etched away underneath the inductor [36].

Spiral inductors consist of a rectangular spiral metal track on the silicon substrate,
using one or more of the standard metal interconnection levels available as shown in
Figure 3.34a. The basics for the inductance calculation of these spiral inductors were
developed by Greenhouse [67]. If the technology allows 45-degree routing, an

octagonal shape can be used as shown in Figure 3.34b.

—

(@ ®
Figure 3.34 Spiral inductor layout (a) Square (b) Octagonal

The series resistance of the metal tracks will limit the quality factor of the inductor.

Typical values in as simple process are 15Q for a 10nH inductor [68].
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One of the most recognized parasitics is the capacitance to the substrate. Together
with the wanted inductance, this gives an LC resonance frequency above which the
coil can no longer can be used as an inductor. A typical value for the self-resonance
frequency is 2.5GHz for a 10nH inductor [68]. This puts a limit on the maximal
inductance value achievable at a certain frequency, as larger inductors require a
larger area and thus also a larger capacitance and a smaller self-resonance frequency.
Special processing technologies exist that create an air-gap underneath the inductor,
or have very thick oxide under their top metal routing [69]. The resulting smaller

parasitic capacitance allows higher operation frequencies.

Another soiution for the self-resonance problem has been developed. By using
selective etching techniques, the silicon substrate can be removed in a post-
processing step from the underneath the inductor, either by etching from the top of
the wafer or from the back of the wafer. This removes the capacitance to the
substrate and shifts the self resonance frequency of a 100nH inductor from 0.8GHz
to 3GHz[70]. But more important this technique also eliminates the resistive losses in

the substrate. However, this requires extra non-standard processing steps.

A general reference for the calculations of the spiral inductors is [67]. A method to
accurately calculate the inductance value that is based summing/subtracting the
appropriate self and mutual inductance values of different segment of the coil. The

basic formula for the exact self-inductance of a straight conductor is

L=llm ——21—)—1.25+AMD+hT (3.17)
5|7 GMD I 4

where L is the self inductance in nH, / is the conductor length in mm, GMD and
AMD are the geometric and arithmetic mean distances, respectively of the conductor
cross section in mm, L, is the relative permeability of the conductor, and T is a
frequency correcting parameter. The geometric mean distance (GMD) between two
conductors is the distance between two infinitely thin imaginary filaments whose
mutual inductance is equal to the mutual inductance between the two original
conductors. By definition, self-inductance of a conductor is the sum of all the mutual
inductances of all pairs of filaments of which it is composed. The arithmetic mean

distance (AMD) is the average of all the distances between the points of one
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conductor and the points of another. The further calculations are explained in [67].
Another type of model is given in [71] where some of the parameters are a functions

of the geometry of the inductor.

The biggest problem of this first-order inductor model is the fact that it does not take
into account all parasitics of the inductor when this one is used at high frequencies on

a conductive silicon substrate.

As we have mentioned before spiral inductors suffer from three parasitic effects.
First, parasitic capacitance to the substrate causes the inductor to self-resonate at a
certain frequency. Second, the high frequency series resistance will differ from the
calculated one due to the skin effect and other magnetic field effects. Third, the
losses in the heavily doped substrate cause a large degradation in the overall quality

factor reduce the inductance value.
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Figure 3.35 Equivalent circuit of a spiral inductor [36]

Generally spiral inductors can be modelled as shown in Figure 3.35. The inductance
L, the series resistance Ry, the parasitic capacitance C,, and its associated resistance
R. are modeled as a function of the coil area, conductor width and spacing, area
efficiency, frequency etc. In the frequency range up to 3GHz, the accuracy of the
model is 10% for the inductance value and 40% for the series resistance. This model
is used especially for low Q applications. In oscillator design however, high Q
inductors are needed and a 30% accuracy in resistive losses is certainly unacceptable.
So for VCO inductors, the optimum ipductor must be chosen on a trial-and-error

basis.
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Many studies are made on spiral inductor for different technologies. In [72] the spiral
inductors are categorized according to their shape. First one is the square spiral
inductor which is shown in Figure 3.36 with a layout of eight-turn spiral. This is the
most common type in Si RF ICs. Second is the polygon spiral inductor. Since
polygon spirals with more than four sides have higher Q than square spirals (for the
same area), it is advantageous to use these structures. The chip layout of a sample
polygon spiral is shown in Figure 3.37. Third type is the multimetal spiral inductor,
where metal layers placed in shunt metals to improve the low frequency Q of the

spiral.

Figure 3.36 Layout of eight-turn square spiral [72]

Figure 3.37 Layout of polygon spiral inductor [72]

The spiral inductors are fabricated in SiGe bipolar process for high Q values in [73].
The lumped element model for the 1.45nH inductor is shown in Figure 3.38. L is the
ideal inductance, a series resistance Reg +Rq, and a capacitance C,, describes the

spiral coil of the inductor. The effect of the lossy silicon substrate as a parasitic RF

66



signal path is represented by oxide capacitances Cox and substrate resistances Rp.
Figure 3.39 shows the measured and simulated characteristics of the 1.45nH inductor
in comparison. The results show that the agreement between data and model is
excellent in spite of the simplicity of the model [73]. Different methods for quality

factor estimation can be found in [74].
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Figure 3.38 Lumped-element model with values representing the 1.45nH inductor
[73]. :
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Figure 3.39 Comparison of the measured and simulated characteristic of the 1.45nH
inductor in Fig.3.38 [73].

A LC VCO has been designed with 0.7um CMOS process with spiral inductor [12].
The technology is a standard double metal CMOS with heavily dopes substrate
without any extra processing step. The losses of the coil must be as low as possible
for low noise and low power. The size of the inductance is also an important subject
for the design. If the inductance is too small, then this will require a large capacitance
to set the desired frequency and hence large power consumption will result. The
inductance value can not be higher either than the required capacitance value will be
almost achieved with parasitics of the coil and the amplifying transistors alone. This

leaves no room for an extra tunable junction capacitance, so the tuning range will be
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small. In this design, an octagonal shape of coil is used. The size of the octagon is
chosen such that the average radius is 85um. Two coils are used in series. The
calculated inductance value is 3.2nH and the Q is 5.7. The overall performance of the

VCO is given in Chapter 4.

(@) ®
Figure 3.40 Spiral inductor coil shape (a) standard octagonal (b) symmetrical [13]

Another l.éGHz VCO is designed lowly doped substrate 0.4um CMOS process [13].
It is said that the optimum VCO design should include only one coil in the inductor.
The developed coil shape is shown in Figure 3.40. Instead of drawing a normal spiral
track, and then making the connection to the inner turn in a different metalization
level, the metal track now moves outside again every half turn, until the centre is
reached and then moves outside again every half turn. Both metall and metal 2
routing levels are used, except for the cross sections, which use of course only one
metal level for each direction. The number of cross sections is equal for both shapes,
so this new shape has no effect on the DC resistance. This coil is completely
symmetrical and can thus be used as a differential floating inductor. A disadvantage
of this coil is the fact that no common mode point is the innermost turn and is
difficult to reach from outside, because both metalization levels are already used.
One aspect of the symmetrical coil shape is the fringing capacitance between the
segments. In a standard spiral coil with a certain number of turns, the voltage
between the outer track and the one next to that is not so big. So the voltage swing
across the fringing capacitance is limited, and it will have a little effect on the total
parasitic capacitance of the coil. But in symmetrical coil almost the complete voltage
swing stands across these adjacent segments. The fringing capacitance will therefore
become more important and its effect must be incorporated in the simulations. Since
the lumped equivalent circuit model of Figure 3.35, is no longer sufficient, a more

accurate model is shown in Figure 3.41. The coil split up in segments that each
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represents one half turn. Those segments are modeled as seven-terminal devices as
shown in Figure 3.41b. The first two terminals are the normal ones, i.e. both ends of
the useful inductor, and are indicated with a round shape. The inductance value L is
split up in four parts, the series resistance R, in three parts. At the two intermediate
nodes that appear in this way the parasitic capacitance are connected. There is of
course the capacitance to the substrate Cp, and its associated resistance R. they are
connected to the third terminal of the segment, i.c. the substrate connection. The four
other terminals are used to connect the fringing capacitance Cr to the adjacent
segments and are indicated with the square shape. The calculated inductance value of
the coil is 2.8nH and the quality factor is 8.6. [36]

The overall performance of the VCO is given in Chapter 4. The symmetrical coil is
also used in our design of the quadrature LC VCO as explained in Chapter 5.

scgment Ib

Figure 3.41 (a) Equivalent circuit model for symmetrical octagonal coil; (b) Model
of a single segment [36].
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4. REVIEW OF THE ON CHIP RF VCO CIRCUITS

This chapter covers the design of LC, ring VCOs and method of quadrature signal
generation. In chapter 2, different types of RF oscillator are given. But in this
Chapter we will mention about LC and ring VCO because in last years there is a big
search area for these VCOs as the modern telecommunication systems rise. And to

build a low-power, low-phase noise VCOs, is a majér importance.

Different LC topologies are discussed which are designed with different type of
varactors and inductors. In Chapter 2, the performance of the different varactors and
inductors are given but in chapter we will see the effect of these devices to the
overall performance of the LC VCO. Following the LC VCOs, different types of ring
VCOs are given. The quadrature signal generation of RF VCOs is explained with

four different methods and these methods are compared with each other.

4.1 RFVCOs
In this part we will discuss about LC and ring VCO topologies from 90’s until today.

4.1.1 LCYVCOs

There are many types of LC VCOs, but here we categorize them into three parts like
negative-G, LC VCOs, source-coupled LC VCO and Clapp configuration VCO.
More examples are given for negative-Gn VCO, as it is more preferred. A

comparison of the VCOs is also give at the end of the section.

4.1.1.1 Negative-G, LC VCOs

The definition of negative-Gp, oscillator is first given in Section 2.3.6. In this section,
different negative-Gy, oscillators are given, with different inductor and varactor

types. Their performances are compared with each other.
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VCO (1): The first example circuit of the negative-Gy, oscillator is shown in Figure
4.1. This VCO have been designed for low power and low phase noise applications
using on-chip inductors for 1.8GHz standard with 0.7um CMOS process [11]. The
enhanced LC tank is implemented using bondwire inductors, which is explained in

Chapter 3, satisfying noise reduction.
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Figure 4.1 Simple Diagram of the VCO [11]

The schematic of the VCO is given with the biasing part. Here the PMOS transistors
are current sources so the amplification is done with two NMOS transistors. The
biasing points of NMOS transistors are very important for the oscillation amplitude
and phase noise performance of the circuit. So the gate voltages of the NMOS

transistors are chosen as half of the power supply.

The measured center frequency of the VCO is 1.76GHz. The phase noise at 200kHz-
carrier frequency is ~115dBc/Hz. When the tuning voltage is changed from 0 to 10
V, the oscillation frequency changes from 1.68GHz to 1.8GHz. The tuning range is
4.5% for tuning up to 3V and almost 7% for tuning voltages up to 10V.

VCO (2): In academic research, we can see different type of VCOs for different
frequencies, some of these researches depend on the industrial system specs like
GSM, DCS-1800. An improved version of the first VCO has been designed by using
the same amplifier circuit topology in Figure 4.1. In this design integrated planar
inductors are used in LC tank instead of bondwire topology [12]. The main goal of
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this design is especially to prove the feasibility of planar inductors in standard
CMOS design. The simplified schematic of the VCO is shown in Figure 4.2. This
type of inductor is already explained in Chapter 3. Two of the hollow inductors are
used in series in differential configuration. The capacitor of the LC tank is formed by
the inductor’s parasitic capacitance to the substrate, the drain-bulk, gate-drain and
gate-source capacitances of the NMOS transistors and a tunable capacitor. The
tunable capacitor is a p+/n-well diode varactor, which is explained in Chapter 3. The
biasing point and the dimension of the transistors are chosen in order to satisfy the
total capacitance on each node to obtain the oscillation frequency 1.8GHz. For this
target the inductance value should be 3.2nH and total node capacitance should be
. 2.4pF. In theory, the phase noise at 600kHz offset frequency is calculated -
115.6dBc/Hz.

The measured free running oscillation frequency of the chip is 1.81Gﬁz. The phase
noise at 600kHz offset frequency is found —116dBc/Hz, which is the same with
theoretical value. The tuning voltage changes between 0.5V and 3V. The tuning
range is %14 [12].
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Figure 4.2 Oscillator Circuit Schematic presented in [12]

It is also claimed that although only two layered CMOS technology is used, which is
the worst technology to design a VCO, the results are satisfying [12].
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VCO (3): Another 5GHz CMOS VCO is designed also for wireless applications
using the same circuit schematic in Figure 4.2. The centre frequency is measure
4.7GHz. For a 0.7V — 2.7V tune voltage range a 200MHz or %4.3 tuning range is
available. The phase noise at 100kHz offset frequency is ~90dBc¢/Hz and for IMHz
offset frequency it is —110dBc/Hz [75].

VCO (4): As 1GHz is very near to GSM system operating frequency, many research
designs are made around this frequency with negative-'Grn topology. The simplified
schematic of the 1.24GHZ monolithic CMOS VCO is shown in Figure 4.3 [76].
Actually it is not so different from the second design in Figure 4.2. Instead of using
NMGOS transistors in the cross-coupled pair, here PMOS transistors are used. The
benefit is that the flicker noise of PMOS transistors is lower than NMOS transistors
with same width. The inductors for the LC tank are implemented using a spiral
inductor. The varactor diodes are implemented usiﬁg p+ to n-well junction diodes.
The centre frequency of the VCO is measured as 1.28GHz. The phase noise at 10kHz
offset frequency is —88dBc/Hz, at 600kHz offset frequency —125dBc/Hz and at
3MHz offset frequency —137dBc/Hz. The tuning range is 130MHz.

V,
DD

M2 I:Ml

Q00

{>h _L —i
L; Cbypass —[ ;L,| Vcont L,

GND
I l M3
GND
O

Figure 4.3 Simplified schematic of VCO presented in [76]

VCO (5): By using the same VCO schematic with the fourth one, but with a different
implementation of inductors a better phase noise and power consumption is achieved
[77]. This time inductors are implemented using a series combination of spiral

inductors, four bond wires and two package leads in order to increase Q. The centre
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frequency is 1.09GHz. The circuit consumes 12.7mW of power at Vpp=3V when the
fouth one [76] consumes 66mW. The measured phase noise at 10kHz is <92dBc/Hz
and at 100kHz offset it is —112dBc/Hz. The tuning range is 103.7MHz.

VCO (6): A 1.3GHz low phase noise CMOS LC VCO is designed [78] by using
spiral inductor and bondwire at the same time. The simplified VCO schematic is
shown in Figure 4.4. The designer mentions that using only bondwire inductors like
in the first VCO [11] have some disadvantages. First, when the optimum inductance
value is high, it is not possible to use the standard bonding length so this leads to use
die to die bonding. This method has not been accepted yet in a production
environment. Second, the bondwire inductors have large spread (¥20%), it is
practically impossible to tune out the variations of the components with a standard p-
n varactor, due to its limited tuning range. Spiral inductors, instead, feature less
spreads (+5%) making the tuning of the tank variations more feasible. But as they are
produced in standard CMOS process, you can’t get high Q values. In this VCO a
series combination of bondwire inductor and spiral inductor is made. With this
combination, the spread of the tank is smaller when compared with pure bondwire
inductor and also the optimum inductor value with a standard die to frame lead
" bonding. And the quality factor of the combination will be greater than that of the

spiral.

In the LC tank, the accumulation mode MOS varactor is used. The VCO is realized
in a 0.35um CMOS technology. The center frequency of the VCO is 1.3GHz. The

tuning range is %28. The phase noise at 600kHz offset frequency is measured —
119dBc/Hz.
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Figure 4.4 Simplified VCO schematic presented in [78]

VCO (7): In the previous design the inductor is realized with both spiral and
bondwire inductors. By using the same type of VCO circuit design like, only with
spiral inductors a SGHz CMOS VCO has been designed [18]. This frequency level
satisfies the specs of Wireless LAN systems. The tuning is done with the
accumulation mode MOS capacitors. The inductors are 2.26nH each. With a 1.5V
control voltage variation more than 500MHz of VCO tuning range is achieved. The
phase noise at IMHz offset frequency is —~101dBc/Hz.

VCO (8): In Chapter 3, we mentioned about different type of varactors. Some
designers use negative-Gm oscillator topology to test the performance of different

varactors on VCOs.

A 1.8GHz VCO has been designed to compare the performance of the diode varactor
VCO and MOS varactor VCO. The basic VCO schematic is shown Figure 4.5.
[58,60]. The diode varactors are made of a p'n'n’ lateral diffusion sequence as
explained in Section 3.4.1. The MOS varactor is a standard one. In the measurement
results, the MOS varactor VCO displays a higher tuning range than the diode
varactor VCO, however the phase noise level of the diode varactor VCO is the
lowest one. For the overall performance of the circuit, the writer says that diode

varactor VCO has a better performance. But in the examples below, we will see that
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the VCOs with other types of MOS varactors show better performance than diode

varactor VCOs.
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Figure 4.5 Schematic of the VCO presented in [60].
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VCO (9): As mentioned in the 8™ example circuit, there are different MOS varactor
types. Another 1.8GHz VCO has been designed to test different type of varactors.
The basic VCO schematic is also shown Figure 4.5 [60]. In design it is mentioned
that the previous design of VCOs studies like [13] for DCS-1800 system shows that
the poor quality factor Q of the reverse biased diode varactor used to tune the VCO
prevents compliance with the phase noise specifications over the whole tuning range.
In the design of the VCO bondwire inductors and three different varactors are used.
These are diode varactor, inversion-mode varactor (I-MOS) and accumulation mode
varactor (A-MOS).

The tuning characteristics of the VCOs are given in Figure 4.6 and the results are
summarized in Table 4.1. The center frequency and the tuning range is same for all
VCOs but the linear portion of the tuning characteristics of both MOS varactor
VCO’s is reduced.
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Figure 4.6 Tuning characteristics of the diode varactor VCO, I-MOS varactor VCO,
and A-MOS varactor VCO [60].

Table 4.1 Frequency behaviors of the VCOs proposed in [60]

Varactor fL-fH fe Tuning
(GHz) (GHz) Range
Diode 1.73-1.93 1.83 10.9%
I-MOS 1.71-1.91 1.81 11.0%
A-MOS 1.70-1.89 1.80 10.6%

Table 4.2 Phase noise Behaviour of the VCOs proposed in [60]

| 9 Phase noise
Varactor (mA) @ 100kHz,600kHz,3MHz
offset from the carrier(dBc/Hz)
Diode - 4.5 -100,-116,-130
I-MOS 3.8 --100,-117,-132
A-MOS 2.7 -101,-121,-137

The current consumption for the A-MOS VCO is less than half of the current
consumption of the diode VCO. The phase noise results of the VCOs are shown in
Table 4.2. At high offset frequencies MOS varactor VCOs show better performance
than diode varactor. For overall results A-MOS has the best performance of all
[60,79].

VCO (10): With the same circuit design like in Figure 4.5, a 2.4GHz monolithic
VCO has been designed. The VCO is based on spiral inductance and pMOS
varactors implemented in standard 0.8um CMOS process. The VCO operates
between 2.2GHz and 2.55GHz, corresponding to a 15% tuning range. The phase
noise of the VCO is —118dBc/Hz at IMHz offset frequency [61].

VCO (11): As mentioned in Chapter 3, the gated MOS varactor is a new type of
varactor, which is still under research. A 2GHz VCO has been designed with gated
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MOS varactor [64,65]. The circuit design is shown in Figure 4.7. In the VCO, the
gate of the varactors is controlled via Vi, and the drain of the varactors maintains a
positive voltage by Vi through the biasing circuit. As the control voltage (Viune)
increases, both potentials, across the drain/source and drain/gate reduce. Reducing
the voltage across the drain/source, the depletion region underneath the channel
shrinks, and hence the total capacitance. Reducing the voltage across the drain/gate,
device is driven from inversion mode to depletion mode and the total capacitance is
increased. The resulting tuning characteristic is shown in Figure 4.9. The gated
varactor achieves a wide tuning range of 53% at 1.5pF. The VCO achieves a tuning
range of 320MHz.
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Figure 4.7 Circuit diagram of the 2GHz VCO. Gate voltage of the gated varactor is
applied to the node V¢ [65].
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Figure 4.8 Frequency tuning characteristic of the VCO. The dotted line shows the

resultant tuning curve when Ve and Vi are tied form a single tuning
node [65].

VCO (12): A VCO has been designed for DCS-1800 system with a new type of
inductor and amplifier circuit [13]. Up to now, we have given circuit examples of
negative-Gp, oscillators designed with NMOS-only cross-coupled pair or PMOS-only

cross-coupled pair. But in this design both of them are used.

The planar LC oscillator schematic is shown in Figure 4.9. One coil inductor is used.
This is very important for an optimum VCO design. The negative resistance is
formed by the double cross connection of NMOS (M1-M2) and a PMOS (M4-M5)
differential pair in positive feedback [13]. We know that generally NMOS-only
cross-coupled pair is used with two coils in series. But in this circuit the advantage is,
that there is no need for a connection to the common-mode point of the inductor,
which would be a problem for the symmetrical coil shape. The oscillation amplitude
of this structure is approximately a factor of two larger than that of the NMOS-only
structure [28] A drawback of this configuration is the larger parasitic capacitances of
the PMOS transistors with respect to an NMOS-only implementation. This results in
a slightly available tuning range as the fixed part of the tank capacitance has
increased. The frequency tuning is done with standard available P+/N well junction

capacitances.
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The measured free running oscillation frequency is 1.99GHz. The phase noise at
200kHz-oscillation frequency is —113dBc/Hz and the extrapolated value for 600kHz
is —122.5dBc/Hz. The tuning range is from 1.62GHz to 1.99GHz, which is %20.
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Figure 4.9 Planar LC oscillator circuit schematic [13]

VCO (13): The same circuit design is used to test different type of varactors. The
VCO schematic is shown in Figure 4.10 [80]. This circuit is the same with the planar
LC oscillator shown in Figure 4.9 but drawn with inverters. Three varactors are
designed which are inversion-mode, accumulation-mode and gated MOS varactor.
Inversion-mode varactor VCO and accumulation-mode varactor VCO is designed to
work at SGHz. The gated MOS varactor VCO is designed to oscillate at 7GHz. For
tuning range of the VCOs, accumulation-mode varactor VCO has the most linear
tuning curve, while the VCO with gated varactor has the widest tuning range. The
phase noise results are shown in Table 4.3 where the curves are normalized to the

frequency of accumulation VCO (5.67GHz).
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Figure 4.10 VCO schematic presented in [80]
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VCO 10kHz 100kHz 1MHz
Inversion -69.8 -95.7 -119.6
Accumulation -63.2 -96.0 -119.7
Gated -58.9 -92.0 -116.7

In Table 4.4 a comparison of the tuning range of some published VCOs are shown.

Table 4.4 Figure of merit and tuning range by VCO type, with a comparison to other

published VCOs [80]

vCO Frmeas @100 @1 Tuning
(GHz) kHz MHz (%)
Inversion 5.922 -187.0 -190.9 14.5
Accumulation 5.67 -187.3 -191.0 14.9
Gated 7.342 -183.3 -188.0 25.6
[75] 4.7 -173.1 -173.1 4.3
[81] 5.05 -180.3 -180.3 12.3
[82] 9.98 -182.2 -187.2 2.8

4.1.1.2 Source-Coupled LC VCO
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This type VCO is shown in Figure 4.12, which is designed for 4GHz application
[83]. As this circuit does not require bonding wires as inductive elements it is a fully
monolithic one. A source-coupled NMOS differential pair M1-M2 combined with
the current source M3 forms the negative-resistance cell through positive feedback.
The positive feedback is obtained by connecting the gate of M2 to drain of M1. This
node also defines the resonator port where an integrated LC circuit can be connected.
The inductor is a four-turn spiral inductor. The base-collector junctions of Q1, Q2
and Q3 are employed as a varactor diode. The technology used is 0.5um BiCMOS
process. The VCO achieves %9 tuning range for a control voltage variation of 0-3V.




The VCO gain is about 85MHz/V at 4.1GHz. The measured phase noise is —
106dBc/Hz at IMHz and —85dBc/Hz at 100kHz offset frequency.

Voo
o,
Q] | 1O
Z& L RZ
Veon C ouT
oy [ —

-k e

R :
VBIAS O_W_ !
M4 l___—_’ M3
GND
(e,

Figure 4.11 Simplified VCO schematic [83]

4.1.1.3 Clapp Configuration VCO

As the new technologies are developed, to produce transistors having high fr
becomes possible for high frequency systems. An 11GHz 3V fully monolithic VCO
is designed in SiGe technology [73]. The simplified schematic of the VCO is shown
in Figure 4.12. The goal of this SiGe design is low power dissipation and low voltage

operation with acceptable phase noise.

The VCO is based on a modified Clapp configuration. A bipolar device Ql
combined with current source Q2 and capacitor C1 defines the negative-resistance
cell for this configuration. The custom-designed varactor diode is based on the
extrinsic-base and collector junction. The VCO tuning range is from 10.5GHz to
11GHz and the average VCO gain is 170MHz/V for a tuning range 4.7%. At IMHz
offset frequency the phase noise is between —98dBc/Hz and —106dBc/Hz.
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. Figure 4.12 Simplified VCO schematic [73]

4.1.1.4 Comparison of the LC VCOs

In the section above we have discussed about different type of LC VCOs with
different circuit topologies. In Table 4.5, the performance results of some of the

negative-Gy, VCOs are given.

Table 4.5 Comparison of negative-G,, LC VCOs

Negative- Technology Freq. | Tuning Range Phase Noise
Gn VCOs
[-] [GHz] [%0] [dBc/Hz]
1 0.7um CMOS 1.76 4.5 -115 @ 200k
2 0.7um CMOS 1.81 14 -116 @ 600k
3 0.35um CMOS 4.7 4.3 -110 @ 1M
4 0.8um CMOS 1.24 10.4 -125 @ 600k
5 0.8um CMOS 1.1 114 -126 @ 600k
6 0.35um CMOS 1.3 28 -119 @ 600k
7 0.24um CMOS 5 10 -101 @ IM
10 0.8um CMOS 24 15 -118 @ 1M
12 0.4pm CMOS 1.8 20 -119 @ 600k

Low phase noise, high tuning range, low power consumption are the targets of a
designer for VCOs. Th technology used for the design and the oscillation frequency
of the VCO are effective on the circuit performance. The first and the second VCO
are designed with the same technology for DCS-1800 systems. As explained before

the first one is designed with bondwire inductors and the second one is designed with
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spiral inductors. The first one achieves a better phase noise than the second one
because you can’t get high Q values with spiral inductors. So the VCOs designed
with bondwire inductor have better phase noise performance. But because the
bondwire inductors have too much process variation, the first VCO has a tuning
range performance worse than the second VCO has. Actually die to die bonding
method used in the first VCO is not a way accepted in the production environment.
The VCO (12) is also design for DCS-1800 system but with 0.4pm CMOS
technology. When compared with the VCO (2), both phase noise and the tuning
range performance of the VCO is increased due to the optimum symmetrical coil
design and new amplifier circuit design. The VCO (4) is designed with PMOS
transistors instead of NMOS transistors. As PMOS transistors have lower flicker
noise, the VCO (4) has a better phase noise performance compared with VCO (2) at
the same offset frequency. VCO (5) uses the same topology but with both bondwire
and spiral inductors. Therefore this combination makes the tuning range and phase
noise performance better than VCO (4). VCO (6) has the best tuning range
performance of all shown in Table 4.5 The reason is the usage of accumulation MOS
varactors. Also the usage of both spiral and bondwire inductors as a series
combination has increased the phase noise compared with VCO (2). VCO (10) is a
typical negative-Gn, VCO designed with 5imple MOS varactor, so the tuning range
performance is over the average. The phase noise performance of VCO (10) is below
the average when compared with VCO (1), VCO (2), VCO (4), and VCO (5). As the
oscillation frequency increases it is difficult to achieve good circuit performance.
VCO (3) and VCO (7) are examples of SGHz VCO for wireless systems. VCO (7)
has a better tuning range than VCO (3) due to the usage of accumulation MOS

varactors.

The other VCOs, which are not given in Table 4.5, are designed especially to
compare different types of varactors. The comparison of them is already given in
their own section. The source-coupled VCO and Clapp configuration VCO has worse

tuning range performance compared with the negative-Gy, oscillators.

More examples of VCO circuits designed for different systems are presented in
[15,19,20,83 - 85, 87 — 89].
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4.1.2 Ring Oscillators

As mentioned before in Chapter 2 that the oscillation frequency of N stage ring
oscillator equals to 1/(2NTp). To control the frequency the delay of each stage T,
can be adjusted in order to change the oscillation frequency. The types of ring VCO
depends on different things like, the differential cell design, bias control circuit
design and the number of the delay cells used. In this section we give different types
of ring VCOs, explain the circuit topology and give the resulting performance of the

circuits.

4.1.2.1 Tuning of the Ring VCOs

This section explains the tuning method of the ring VCOs by giving examples. More

circuit examples are given in the next section.

In Figure 4.13, an example of differential pair circuit as the delay circuit is shown.
Here the PMOS transistors operate in triode region as they act as a variable fesistor
controlled by Veon. As Veont becomes more positive on-resistance of M3 and M4
increases, so the time constant at the output iﬁcreases and the oscillation frequency

decreases.

But this differential pair has a drawback, as the output swing of the circuit varies
considerably across the tuning range. The reason is that the stage provides a
differential output swing of 2IssRonzs. So when the Vo changes, only Rgnsg is

effected, resulting a variation [35].

In order to minimize the swing variation, the tail current can be adjusted by Vo s0
that when Vo, becomes more positive, Iss decreases. The topology, that serves to

maintain IssRn3, 4 relatively constant, is shown in Figure 4.14.
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Figure 4.13 Differential pair presented in [35]

The feedback circuit in Figure 4.14(a) serves for all stages of the ring oscillator,
defining the oscillation amplitude. M5 operates in deep triode region and amplifier
A; applies negative feedback to the gate of MS5. If the loop gain is sufficiently large,
the differential input voltage of A; must be small, giving Vp ~Vger and | Vpss|~Vpp-
Vrer. The feedback ensures a relatively constant drain-source voltage even I; varies.
In Figure 4.14(b) the differential delay cell is shown with the feedback circuit. By
controlling the Is current also Iss, the oscillation frequency can be varied satisfying a

stable oscillation amplitude with the feedback circuit [35].
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Figure 4.14 (a)Simple feedback defining Vp (b) Differeantial stage with biasing [35].
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Another technique to tune the ring oscillators is shown in Figure 4.15. As mentioned
in Chapter 2, the cross-coupled transistor pair exhibits resistance of —2/g,, which can
be controlled by the bias current. The equivalent half circuit of the differential pair is
shown in Figure 4.15(b). As I, increases the small signal differential resistance —
2/gm3 4 becomes less negative, then the equivalent resistance of the half circuit is
Rpl| (-1/gm34)=Rp/(1-gm3 4Rp) increases, thereby lowering the oscillation frequency.
As I, varies, the currents flowing from R; and R; are steered by M3 and M4, this
causes the output voltage swing not be constant across the tuning range. Further

methods to minimize these effects are explained in [35]
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Figure 4.15 (a) Differantial stage with variable negative resistance load, (b) Half
circuit equivalent [35].

In Figure 4.16 a variable-frequency NMOS ring oscillator is shown. Inserting a FET
in series with every inverter varies the delay per stage. The FET acts like voltage
controlled resistor and varies the RC time constant driving each stage where C is the
input capacitance of the inverter. The drawback of this circuit is that by adding the
FETs, we increase delay, so it becomes difficult to obtain the maximum possible
oscillation frequency, as it requires the fewest number of inverters. And if the
number of inverters is reduced, insufficient loop gain may exist, prohibiting the

oscillation [10].
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Figure 4.16 Variable-frequency NMOS ring oscillator with voltage-controllable
delay between stages presented in [10].

Another way to control the frequency is shown in Figure 4.17. The structure consists
of an odd (m) and (n) even number of inverters. The FETs act as a voltage controlled
- a potentiometer. Depending on the biasing of points M1 and M2, different oscillation

frequencies can be achieved.
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Figure 4.17 Dual ring oscillator with voltage-controllable mixing in feedback path
presented in [10].

The same structure, with CMOS implementation is designed with inner ring of five
stages, and an outer ring of nine stages. The schematic is shown in Figure 4.18. The
oscillation frequency could be varied over a range greater than 100MHz by changing
the V¢ from -2V to 5V. The frequency can be varied from 275MHz to 325MHz.
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Figure 4.18 CMOS Prototype of dual ring oscillator presented in [10]
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Figure 4.19 Differential delay cell presented in [90]

4.1.2.2 Examples of Ring VCOs

VCO (14): The first example is a 1GHz VCO designed for mobile communication

application [90]. The VCO is composed of three-stage ring oscillator where each
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stage is voltage controlled differentially delay element as shown in Figure 4.19. The
delay cell consists of a NMOS source-coupled pair with PMOS loads. The control
voltage of the circuit V., is applied at the gate PMOS transistor M6. The gate input
Ncon 0f NMOS transistor M5 is controlled by a biasing circuitry. So there is separate
ways to control the output voltage of the delay cell.

The tuning range of the VCO is between 600MHz and 1000MHz. The voltage gain is
290MHZz/V at the center frequency of 800MHz. The phase noise is —-80dBc/Hz at
100kHz offset frequency and —100dBc/Hz at 1MHz offset frequency.

VCO (15): A 13GHz to 1.8GHz CMOS VCO is designed for wireless
communications [91]. The designed oscillator is a three staged one as shown in
Figure 4.20. This three stage VCO is employed for power minimization and
frequency optimization. The similar method showed in Figure 4.14 is used. The
delay cell and the bias control cell are shown in Figure 4.21. Here the active
amplifier keeps the drain voltages of load transistors to be constant for different input

current ;. The transistor M6 is used to limit the oscillation amplitude.

The VCO can operate from 1.3 to 1.8GHz with a gain of 970MHz/mA. The peak to
peak value of the output amplitude is between 1.43 and 1.53V.

™ ™ ™ VBias
Al }Az ? A3 ?
Control

Figure 4.20 Ring oscillator presented in [91]
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Figure 4.21 (a) Delay Cell (b) Bias Circuitry presented in [91]

VCO (16): A 900MHz VCO is designed for low noise applications [92]. The delay
cell is shown in Figure 4.22. A pair of PMOS load transistors, M3 and M4, are added
to the delay cell to constitute a CMOS latch. The cross-coupled NMOS transistors,
- M5 and M6, control the maximum gate voltage of the PMOS load transistors and
limit the strength of the added latch. When V. is low, the strength of the latch
becomes weak, and the output current of the PMOS load increases. Therefore, the
state of the latch is changed easily, and the delay time is reduced. In conventional
ring oscillators, the oscillation frequency is decided by the delay time of one delay
element and the number of the delay stages. The delay time can not be smaller than
that of a single inverter. So the maximum oscillation frequency of the VCO is limited
by the delay time of the basic inverter cell. To solve this problem, a negative skewed

delay scheme has been reported [93].

The dual-delay scheme is used to implement the VCO [92]. The dual-delay scheme
means that both the negative skewed delay paths and normal delay paths exist in the
same ring oscillator. As the negative skewed delay paths decrease the unit delay time
of the ring oscillator below the single inverter delay time, higher oscillation
frequency is obtained. Since the normal delay pathé also exist, the frequency range of
the VCO can be wider than that of an oscillator with only skewed delay paths. This
type of delay cell is shown in Figure 4.23.
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Figure 4.22 Differential delay cell presented in [92]
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Figure 4.23 Four-input differentail delay cell presented in [92]

Figure 4.24 Ring oscillator structure with dual-delay paths presented in [92]

A pair of PMOS transistors is added to the PMOS loads of the delay cell and is used
to take the negative skewed signals. Negative skewed signal is connected to the
PMOS input delay cell, and the normal signal is connected to the NMOS input of the
delay cell. The ring oscillator structure with dual-delay paths is shown is in Figure
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4.24. The resulting phase noise of this ring oscillator is measured —101dBc/Hz at
600kHz offset frequency and —117dBc¢/Hz at 600kHz offset frequency. The
frequency range is from 750MHz to 1.2GHz, so %50 of tuning range.

VCO (17): A ring oscillator is designed for CMOS Dual-Loop Frequency
Synthesizer for GSM applications [94]. The ring oscillator and its delay cell
schematic are shown in Figure 4.25. The delay cell consists of NMOS transistors Mp;
as input transconductors, cross-coupled PMOS transistors My, for maintaining
oscillation, diode connected PMOS transistors My, and a bias transistors My, for
frequency tuning. The source nodes of transistors M, are connected to supply to
maximize its output amplitude. The measured operating frequency is between

324MHz and 642MHz. The phase noise is between —111dBc/Hz and —108dBc/Hz at

600kHz offset frequency.
3 .
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Figure 4.25 (a) Ring oscillator (b) Delay cell presented in [94]
4.1.2.3 Comparison of the ring oscillators

In section 4.2.2.2, four different ring VCOs are given. The performance of the ring
VCOs are given in Table 4.6.
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Table 4.6 Comparison of the ring VCOs

Ring VCOs Technology Freq. Tuning Range | Phase Noise
[-] [MHz] (%] [dBc/Hz]

14 0.8um CMOS 800 25 -80 @ 100k

16 0.6pm CMOS 900 50 -101 @ 100k

17 0.5um CMOS 483 32 -108 @ 600k

A fully switching of the differential delay cell is used for VCO (2) to reduce the
phase noise of the ring VCO and the dual path technique is used to increase the
tuning range. Therefore VCO (2) has a better tuning range and phase noise
performance than the VCO (1) has. Actually VCO (2) has the best performance of
all. VCO (2) also has a better phase noise and tuning range performance than VCO
(3). The type of the differential delay cell used in VCO (3), makes it have a better
performance than VCO (1).

4.2 Quadrature Signal Generation

In some transceiver systems depending on the modulation type, quadrature LO

signals are needed. There are four ways to generate quadrature signal.

4.2.1 RC-CR Network

In this method, quadrature generation is obtained with the combination of VCO, RC-
CR network (or polyphase filters) and buffers or limiters.

The simple quadrature technique is to shift the signal by +45° using a RC-CR
network as shown in Figure 4.26. Suppose Vin(t)=Acoswt then,

@.1)

(4.2)

Vou () = ?glw—z:cos[mt ~tan™ (RCo)|
_ ARCo . -
Vo () = —mcos[mt —tan™' (RCo) + E]
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The phase shift of Vou(t) and Voup(t) are equal to 7/2-tan™ (RCo) and -tan™ (RCw)
respectively. So Vou(t) and Voun(t) have 90° degrees phase difference at all
frequencies. But the output amplitudes are equal only at ©=1/(RC).

GND
T
Ri |
vin Voutl
o— 9
N
1 © Vout2
C;
R2
GND

Figure 4.26 Quadrature network using RC-CR network [21]

If the absolute value of RC varies with temperature and process, so does the
frequency at which equal-amplitude quadrature signals exits. So we need limiters to
equalize the amplitude. But in gigahertz circuits, amplitude limiting becomes
difficult. The mismatches between resistors and capacitors cause phase error. Also

mismatches between load capacitance also contribute to phase error.

To minimize the attenuation caused by the load capacitance, the value of C is chosen

like C~5Cy. If buffers are used after the filter, they consume too much power.

In a fully integrated 900MHz CMOS Double quadrature modulator, a two stage
sequence asymmetric polyphase filter is designed [24]. The schematic is shown in
Figure 4.27. Two-stage structure is preferred, because the conventional RC-CR
network does not have good broadband amplitude matching. By applying only an I-
signal, a quadrature signal can be generated. Passband range is designed from
600MHz to 1.2GHz. The signals at 900MHz are always in quadrature, independent

of process variation. The phase error is <0.3°.
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Figure 4.27 The two-stage sequence asymmetric polyphase filter used as quadrature
generator[24].

Another polyphase filter is designed for 1.9GHz mobile radio telephone application
[22]. In Figure 4.28, the local oscillator quadrature generator is shown. The error is
found less than 0.5° degrees..

A LO phase shift network is designed for a direct conversion receiver for 900MHz
spread-spectrum digital cordless telephone [23]. The LO phase shift circuit consists
of an integrated low pass filter, buffer and differential R-C phase shift network. The
full schematic is depicted in Figure 4.29.

m— T L

1.9 GHz

vCo —-51!(

Figure 4.28 Local Oscillator quadrature generator[22]
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Figure 4.29 Low-Pass filter and phase shift network [23]

The phase shift network consisting of R4-R7 and C3-C6 forms a differential version
of conventional RC-CR network. In the measurements it is found that the phase error
increases with the frequency. But between 300MHz and 2GHz the phase error is at
most 1° degree. Because of the process variations, the only frequency that the

amplitudes are matches is 915MHz. Amplitude mismatch is up to %30.

In Figure 4.30, it is shown how differential quadrature phases are generated from a
differential input. More about polyphase filters are explained in [25]

Vinéo p—O Vomé"go
L 6 Voul0
| o VaxZ90

VinZ180
| VeuZ180
/\ib

Figure 4.30 Polyphase Filter presented in [25]

4.2.2 Frequency Division

Another way to generate quadrature periodic signals with frequency ®;, is to use

master-slave flip-flops to divide a signal at 2w by factor two, as shown in Figure

4.31. So the VCO should be designed in double frequency.

97



—
Latch
4__
o——¢ : 0
voutZ Vin o 1 me
O
v V¥ ©°
—P
Latch
P

Figure 4.31 Frequency dividers as a quadrature generator

If the input voltage Vi, has a 50% of duty cycle, then Vo and Vo are out of phase.
The VCO designed in double frequency will consume less power, as a higher Q for
integrated tanks at higher frequencies are achievable. And the coil area is smaller
with double frequency. The master-slave flip-flops have to be designed in double
frequency, therefore they consume too much power depending on the technology.
But as the technology develops, this method can be used. A disadvantage could be
that the phase imbalance resulting from the deviation of the input duty cycle from
50% [21].

4.2.3 Two Cross-Coupled VCO

In this method two oscillators are cross-coupled to each other. The oscillators don’t
need to be identical, only have frequencies that are close. Then they synchronize to
exactly the same frequency. The basic shape of the system is shown in Figure 4.32.
The coupling signal from Oscillator A forces Oscillator B to operate exactly the same

frequency as A. This type of connection is called “injection locking”[27].

Oscillator A O Oscillator B

Figure 4.32 Synchronizing two independent oscillators.

The basic circuit building block, shown in Figure 4.33, is the MOSFET LC oscillator
consisting of a cross-coupled pair of FETs (M1, M2), having the same structure with
LC oscillator shown in Figure 4.4. Two such identical oscillators, labeled A and B in
Figure 4.34, are coupled by FETs (M3, M4) of the same size as the main FETs (M1,
M2) such that there is direct coupling in one direction, and cross-coupling in the

other.
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Figure 4.33 LC Oscillator presented in [27]

Suppose now that the two oscillations synchronize in-phase. Then the cross-coupled
path from Oscillator B to A absorbs the negative-resistance current produced by
M1A, M2A and Oscillator A ceases. The inductors in Oscillator A pull up both drain
nodes to Vpp, and through the cross-coupled FETs, this shuts off Oscillator B. The
same process applies in reverse if the two oscillations are anti-phase. Therefore the
oscillations only co-exist when they synchronize in quadrature. Then they acquire

combination of 0° at M2A, 180° at M1A, 90° at M2B, and 270° at M1B.

Oscillator A Oscillator B
L1 LIB LzB
130° 270°
M3A| MlA M2A M4A \? M3B MIM M4B
f% _
?, Crossed Connectlon Crossed Connection
Direct Connectlon

Figure 4.34 Oscillators Synchronized in Quadrature [27]

When compared with other methods, this structure costs double VCO area. But if the
VCO core is well designed it consumes less power than the output buffers or limiters
which are used with RC-CR network. The other advantage of this structure is that, it
provides a very high voltage swing, which eases the design of the prescaler and
mixer circuits connected to VCO. The layout of the circuit plays a big role for the
mismatches of the VCO.
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This quadrature VCO has been realized. The measured tuning range is between 860-
958MHz. The phase noise at 100kHz offset frequency is measured, ~96dBc/Hz. The

measure phase mismatch is less then 1 degrees [27].

A similar 900MHz VCO is designed with improved amplitude and phase matchings.
Amplitude control, quadrature phase control and different layout techniques are
proposed. The phase noise is measured —105dBc/Hz at 100kHz offset frequency. The
tuning range is 100MHz [95]. ’

A 1.8GHz CMOS Quadrature VCO is designed with a new oscillator, which satisfies
better tuning range. The oscillators are identical and one of them is shown in Figure
4.35.

2 b Other Oscillator

JEST

o w9

From
Other Oscillator

Figure 4.35 VCO circuit presented in [96]

In this circuit, M3-MS provide a resistance from P to Vpp that varies smoothly with
Veont. The voltage is clamped by M6 to about 1.2V (Supply voltage=3.3V). To
increase the tuning range, the anode voltage of the diodes can be varied in the
opposite direction with respect to their cathode voltage. M9 and M10 are used to
sense the output of the other oscillator in the quadrature circuit. The tuning range of
the VCO is measured 120MHz. The phase noise at 500kHz offset frequency is-
100dBc/Hz [96].

A similar LC quadrature VCO is designed for a 2.6GHz/5.2GHz Frequency
Synthesizer. One of the VCO is shown in Figure 4.36. The use of transistor M6 is for

sensing 5.2GHz signal at node A. This structure ensures the common gate stage
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carries a constant bias current across the full tuning range. The connection of the two
VCOs is done with the same method, which is shown in Figure 4.34. Phase noise

measured at 10MHz offset frequency is —110dBc/Hz for 2.6GHz operation frequency

[97].
Voo
Veam ‘_“Tém 4 Mg
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Figure 4.36 VCO circuit presented in [97]

4.2.4 Quadrature Ring Oscillator

In a ring chain, if even numbers of delay cells are used, quadrature phase
relationships are obtained between the outputs. A 4-stage ring oscillator is shown in
Figure 4.37.
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Figure 4.37 Differantial 4-stage ring oscillator

With this type of quadrature VCO, we can obtain a better tuning range when
compared with LC VCOs. Also it will cost less chip area. The phase mismatch,
which is caused by layout of the circuit, is better, as the matching of inverters is
easier then that of coils. The only disadvantage is that the ring VCO has a poor phase

noise. If the system doesn’t need a good phase noise spec, for all properties
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quadrature ring VCO is the best choice. Quadrature ring oscillators are preferred

especially in clock recovery circuit.

This type of quadrature generation is used in a CMOS Dual channel transmitter for
Cable applications. The figure of the total transmitter is shown in Figure 4.38. The
tuning range is between 55MHz and 1.2GHz [98].
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Figure 4.39 Two stage ring oscillator with composite load presented in [26]

A 2-stage ring oscillator is designed for CMOS clock recovery circuit for 2.5-Gb/s
NRZ Data [26]. The design is done with 0.4pum CMOS technology. But using this
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technology, with four-stage ring oscillator, the oscillation frequency does not exceed
1.8GHz. To achieve 2.5GHz-operation frequency, two-stage topology is necessary.
The two-stage ring oscillator is shown in Figure 4.39. The measure phase noise of

the oscillator is —80dBc/Hz at SMHz offset frequency.

4.2.5 Comparison of the Quadrature Generation Methods

The RC-CR network, which is especially followed by limiters or buffers, consumes
too much power. The mismatch between resistors and capacitors cause phase and
amplitude error. Therefore the filter layout needs good matching. This kind of circuit

also consumes a lot of chip area.

The second method, frequency division, has smaller area than the RC-RC network
" and cross-coupled VCO. The LC VCO designed at double frequency does not
consume too much power, but the master-slave flipflops consume too much power in
today’s technology. Mismatches in the signal path through the latches contribute to
phase error. If the power consumption is not so important and if you want a low cost

design or small area, this method can be preferred.
Third method, cross-coupled VCO, costs double VCO area. This option consu

mes less power than the buffers or limiters of the RC-CR network and master-slave
flipflops designed for the frequency division method. This method also provides high
voltage swing. For the phase mismatch of the outputs, layout of the two VCO should
match well. The quadrature mismatch is less than five degrees [28].

Fourth method, quadrature ring oscillator, costs less chip area than cross-coupled
VCO method. As it is a ring oscillator, the phase noise performance of the VCO will
be worse than the options use LC VCOs. But the tuning range performance will be
better. The matching of the delay cells is important for the quadrature phase

mismatch.

More examples for quadrature oscillators are presented in [99,100].
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5. DESIGN OF QUADRATURE LC AND RING VCOS FOR HIPERLAN2
SYSTEM

This chapter describes two different RF oscillators with quadrature outputs designed
for HIPERLAN system, which has a frequency band of 5GHz-6GHz. Circuits are
designed in 0.35um BICMOS SiGe technology. First both of the circuits are
explained and their simulation results are given then the circuit performances of the

LC and ring quadrature VCOs are compared.

5.1 LC oscillator with Quadrature Qutputs

5.1.1 General Information

The circuit is designed for the test-chips of HIPERLAN project. Because this is a test
chip, the biasing currents are given from the pads. The outputs are buffered for the
test measurement system. As explained in section 4.4.3, the “injection locking”
method is used to generate quadrature outputs. The connection of the oscillators is

shown in Figure 5.1.
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Figure 5.1 Injection locking of two oscillators
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FigureS5.2 Schematic of the LC oscillator
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5.1.2 Circuit Description

The quadrature VCO is designed with cross-coupled VCO method as explained in
Section 4.4.3. The two LC oscillators are identical. One of the LC oscillators is
shown in Figure 5.2. This is a planar LC oscillator, which is explained in Section
4.2.1, with Figure 4.7. The only difference is that, MOS varactors are used for
tuning, instead of junction capacitances (varactor diodes). The transistors M7 and
M8, with the same size of M1 and M2, are used to couple the two oscillators for

quadrature oscillation. The dimensions of the transistors are shown in Table 5.1

Table 5.1 Dimension of the transistors in Planar L.C oscillator

Device Name Aspect Ratio(um/pum)
M1,M2M7,M8 70/0.35
M3,M4 210/0.35
M5 1000/0.7
M6 20/0.7
M9 2/0.35
M10 16/2
M11,M12 75/1

The gate lengths of the cross-coupled PMOS and NMOS transistors are chosen as the
minimum value that technology satisfy, so that they work fast. The width of

transistor M5 is chosen 1000um to drive nearly SmA of current.

With an inductance value of 0.8nH, the total capacitance on each node of oscillation
must be between 0.87pF and 1.26pF to achieve an oscillation between 5-6GHz. The
total capacitance of the LC-tank is formed by inductor’s parasitic capacitance to the
substrate, the gate-drain and gate-source capacitance of the NMOS and PMOS
transistors, and the tuning capacitors from the MOS varactors.

5.1.2.1 Tuning of the Oscillator

The frequency tuning of the oscillator is done with analog tuning and digital tuning.
In both, MOS varactor circuits are used. The frequency band of the oscillator is
between 5-6GHz. This band is divided into four frequency ranges. The digital tuning
is used to switch from one frequency range to another inside the frequency band.

Analog tuning is used for the tuning inside one of these ranges. Digital tuning is
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obtained with 2-bit control. Analog tuning voltage is between 0.7V and 2.3V. The
MOS varactor is shown in Figure 5.3. This type of MOS varactor is explained in
Chapter 3. Digital tuning circuit is shown in Figure 5.4. This circuit consists of two
MOS varactors connected in parallel. The MOS transistor dimensions of the digital
tuning circuit are shown in Table 5.2. The dimensions of the transistors in the analog

tuning circuit is already given in Table 5.1

Table 5.2 Device dimensions of MOS varactor circuit

Device Name Aspect Ratio(um/um)
MI1A MI1BM2A M2B 40/1
" TUNE
o
P AN N
o0—e Ml }—’—i M2 —0
Figure 5.3 MOS Varactor
A
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DTUNE<1:0> o
O

Figure 5.4 Digital Tuning Circuit

5.1.2.2 On Chip Inductance

The inductance is a symmetrical one. Both Metal 2 and Metal 3 routing levels are
used except for the cross sections, which use only one metal level for each direction.
This coil is completely symmetrical and can be used as a differential floating

inductor [13].
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As mentioned in circuit description, the inductance value is chosen 0.8nH. The
design of the inductor is a critical subject. It is directly related to layvout design. In
this design the coil is a symmetrical one. To reach the value of the inductor, a
program which makes calculations, optimizations, is used. The program is called
Spiral [101].

In this program, as input, you can either give the value of the inductor with some
shape parameters or all shape parameters without the value. When you give the value
of the inductor with some parameters, it draws the inductor how it wants because of
the missing parameters. So it better to give all the shape parameters as input. The coil
parameters are given in Table 5.3. The radius of the first inside turn, the width of the
metal, the spacing between the metals and the number of the turns are the shape
parameters given as input. The frequency range is also given as input for the
calculation of the Q value. Depending on the user’s specs, opﬁmization can be done
for Q or depending on some other parameter. For this design, the optimization is
done for the value of the Q. In the given frequency range (5-6GHz) the maximum Q
is found with optimization. Then with this value the shape parameters are once more

modified. The results in Table 5.3 are the ones after optimization.

Table 5.3 Optimal coil parameters

Radius r 40 [pm]
Width w 20 [um]
Spacing Sp 2 [um]
No. of turns N 2 -
Frequency F 5.5 [GHz]
Inductance L 0.8 [nH]
Total resistance | R 1.44 [Q]
Quality Factor | Q 10 [-]

Up to now, the obtained values is especially for layout. But we also need a model of
the inductor to use for the simulation. The program SPIRAL also creates a nine-
element model for the inductor with the given parameters in Table 5.4. The model is

shown in Figure 5.5
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Figure 5.5 Nine-Element Model of the spiral inductor

The values of the elements in the model are shown in Table 5.4.

Table 5.4 Device values in the Nine-Element Model of the spiral

Element Value

C 34.232fF
C,,C3 159.885fF
C4,Cs 5.96969{F
R; 12,31407Q2
Rz, R3 2.1924KQ
L; 783.821pH

The layout of the spiral is shown in Figure 5.6.

Figure 5.6 Layout of the symmetrical inductor
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5.1.2.3 Buffer circuit
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Figure 5.7 Buffer circuit schematic

The outputs of the oscillator are buffered for the test chip. They are designed to drive
50€2 of load resistance. This load is the input impedance of the spectrum analyzer.

As shown in Figure 5.7, the buffer circuit is a simple emitter follower.

The biasing of the MOS transistor comes from a simple current mirror, which is
explained in the next section. The biasing of the NPN transistor is obtained from a
voltage source over a resistor. The biasing voltage is given from the pads of the test
chip. By this way, it is easy to control every transistor of the circuit from outside.
Vagias voltage is 2.4V. C1 is used for DC coupling. The current flowing through each
MOS transistor is 6mA. The dimensions of the devices are shown in Table 5.5. The
BJT transistors used in this technology have six different emitter area choices. These
are N1, N2, N4, N8, N16 and N32. Here N16 is used because the value of the current

is large. It is better to use one with a big emitter area.

Table 5.5 Dimensions of the buffer circuit

Devices Dimensions
R1 2KQ
Cl 100fF
M1 4um/0.35pum(Aspect ratio)
Q1 N16

The buffers lower the amplitude of the oscillation because the gain of the buffers is

smaller than one. At these high frequencies it is not possible to design an ideal
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emitter follower. Normally the oscillator achieves high amplitudes, but for the test

chip it is better to have low values for easier measurements.

5.1.2.4 Biasing circuit

Two biasing circuits are used for the test chip. One is for the oscillators the other is
for the buffers. The circuit design of both is the same only the dimensions of
transistors are different. The bias circuit is shown in Figure 5.8. This is a simple
current mirror circuit with power down mechanizm. The biasing current is given
directly from the pads to the I input. For the biasing of oscillators, the output of the
bias circuit is connected to the Vgias input of oscillator. The current flowing from Ig

input is SOpA for the oscillator biasing.
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Figure 5.8 Biasing circuit

For biasing the buffers, the output of the circuit is connected to the Vp input of the
buffers. The current flowing from the Ig input is 100pA for buffer biasing. The

device dimensions are shown in Table 5.6.

Table 5.6 Device dimensions of the biasing circuits

Device Name Aspect Ratio(um/um)
Oscillator biasing circuit Buffer biasing circuit
M1 2/0.32 4/0.5
M2 8/2 4/1
M3 10/0.35 10/0.35

5.1.3 Discrete realization of quadrature LC oscillator

Before designing the IC quadrature LC oscillator, the same oscillator is realized with

discrete components to verify the theoretical predictions, which are explained in
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Chapter 4. The discrete design of the LC oscillator is designed to oscillate at SMHz.
The aim of this design is to see the quadrature phase difference of the outputs. The
test is very helpful to understand the behaviour of the quadrature oscillator. The

setup for the test circuit schematic is shown in Figure 5.9.
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Figure 5.9 Discrete quadrature LC oscillator circuit schematic

This schematic consists of two LC oscillators connected with injection locking
method as explained in section 4.4.3. Each oscillator schematic is another type of
draw of the amplifier part of the quadrature LC oscillator in Figure 5.2. so this
discrete design is totally same with its IC design as shown in Figure 5.1.

The inverters (1-8) in the circuit, are unbuffered HEF4049UB inverter gates. The

devices (9-12) are emitter follower type buffers, which are added to the circuit to

112



drive 50Q load. This is the input of the spectrum analyier. Inverters (1-4) resemble
the cross-coupled NMOS and PMOS transistors of the oscillators and inverters (4-8)
resemble the NMOS transistors, which couples the two LC oscillators for quadrature

oscillation.

The circuit is designed to oscillate around SMHz. Therefore the tank circuit elements
are chosen as L=10uH and C=100pF. The two identical LC VCO oscillate around
SMHz and the initial frequency difference of them is as low as 10kHz.

The supply voltage Vpp used for this design is 5V. With typical conditions the
oscillation frequency of the quadrature oscillator is 4.8826MHz. The phase
difference between the outputs is measured from the oscilloscope which is £5
degrees. When one of the oscillators is removed from the quadrature circuit, one
oscillator oscillates at 4.708MHz. We can see that the oscillatioﬁ frequency does not
change very much. From the measurements it has been seen that the quadrature LC
VCO starts to oscillate very easily, and its frequency did not change after every start-
up under certain conditions. As a conclusion the quadrature oscillator works properly

with injection locking method.

5.1.4 Simulation Results of the IC quadrature LC oscillator

After the design of the blocks, the effects of the layout should be included to the
circuits for realistic simulation results. These effects can be listed as, the parasitics
which come from the layout, some device model parasitics which are not well

modeled in the device models of the technology.

The most important parasitics comes from the planar LC circuit. The circuit
schematic prepared for simulation is shown in Figure 5.10. These parasitic
capacitances are between two metals from the layout, which are called as fringing
capacitors. The values of the capacitors are estimated for this design from the
previous experiences. The parasitics mostly come from the two outputs of the

oscillator.
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Figure 5.10 Simulation schematic of the LC oscillator

The capacitance C2 is the total capacitance between the two outputs of the oscillator.
The metal, which connects the gates of the NMOS transistor, is also connected to one

of the outputs. As there are two NMOS transistors, there are two different metals
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which connects the gates and they are also the outputs. Therefore between these
metals there is the fringing capacitance. The same effect comes from the cross-

coupled PMOS transistors.

C5 and C6 are fringing the capacitors, from the metal used for Vo, to each of the
outputs. CO and C1 are fringing capacitors from VDD to the outputs. C3 and C4 are
the fringing capacitors from outputs to the GND.

For the simulation, we have to trigger the oscillators to start oscillation. The MOS
transistor M40 is connected parallel with one of the coupling transistors for trigging.
The trigger signal is applied to the gate of the transistor. Transistor M38 is added to
the circuit as dummy transistor to give the same effect as M40. All of the simulation

schematics of this design are given in Appendix C.

5.1.4.1 Typical Results

Three different design environments are used which are Analog Artist, Made and HP
advanced design system HP-ADS. The Periodic Steady State (PSS) and transient
simulations are done with Spectre RF. The characterization simulations and Monte
Carlo simulations are done with eldorf. Phase noise simulation is done with HP-

ADS. In Table 5.7, some stimuli values of the circuit are given for typical conditions.

Table 5.7 Typical stimuli values for LC oscillator

Typical Values
Temperature 27 degrees
Analog Tune (Vtune) 700mV
Digital Tune (Dtune) 00
Supply Voltage 3.3V
Device Models Typical

With the given typical conditions transient and PSS simulations are done. In Figure
5.11 the transient response of circuit is shown. The circuit achieves the quadrature

outputs.
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Figure 5.11 Quadrature Outputs of the oscillator

Also to see the 90 degrees difference between the outputs, PSS analysis is done. The

result is

shown in Figure 5.12. At 6GHz where the circuit oscillates, there is —90

degrees difference between two outputs.
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Figure 5.12 Phase difference of outputs
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In this circuit, there is no amplitude difference between quadrature outputs. The

amplitude difference is shown in Figure 5.13.

Amplitude Cifference
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Figure 5.13 Amplitude Difference of Quadrature Outputs.

The tuning range of the oscillator is shown in Figure 5.14 where the analog tuning
voltage is changed between 0.7V and 2.3V and the digital tuning has four different
levels which are 00,01,10 and 11. The four-frequency range is easily seen form the

results as explained in the section 5.1.2.1

The simulation results given above are done with Spectre. But the total simulations
of the circuit are done with Eldo RF, because the corner device models for this
technology are only available for the simulator Eldo. The total simulation results are
shown in Table 5.8. Here there are differences between the simulation results with
Spectre (shown in figures above) due to the calculation of device parameters of each

of the simulators.
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Figure 5.14 Tuning Range of the LC Quadrature oscillator

Table 5.8 Typical Simulation Results of LC oscillator (Eldo)

TUNING
1 (Dtune:11) 2 (Dtune:00)
FREQUENCY(GHz) 4917 6.126
AMPLITUDE(Vpp diff) 0.374 0.55
PHASE DIFF.(degrees) 90 90
AMBP. DIFF. 0 0
TUNING RANGE 1209MHz

The circuit oscillates between 5.917GHz and 6.126GHz at typical conditions, having
a tuning range of 1209MHz. The amplitude difference between the outputs is
negligible. The phase difference between the output is 90 degrees, achieving
quadrature outputs. The amplitude of the oscillator is calculated as peak to peak
value of the differential outputs. The real performance of the circuit is determined

after the characterization simulations.

5.1.4.2 Characterization Simulations of the Quadrature LC VCO

Characterization simulation is the simulation, which is done to see the effects of
process variation, temperature variation and supply variation on the circuit

performance. The design specs of the circuit should be satisfied in all kind of
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conditions. In the characterization simulations, the best and the worst value of the
parameters are used. For example in our design, the supply differs from 3V to 3.6V
and the temperature can change from —10° to 70° degrees. In the simulations, the
maximum and the minimum value of the stimulus, which are called corner values,
are used. Slow and fast models are used for devices like MOS transistors, BJT
transistors, resistors and capacitors. For this design totally 128 different simulations
run for all characterization. But in each all devices of the same type is effected at the
same time, in the same way. For example, if in one of the simulation, fast model runs
for PMOS transistor, all PMOS transistors have the fast model. So we can examine
the deviations with only one way at the same time. The results, which are shown in

Table 5.9, are the ones reported for the worst case.

Table 5.9 Characterization Results of LC oscillator

MIN | MAX
FREQUENCY(GHz) 5008 | 5.969
AMPLITUDE(Vpp diff) 0.2 0.72
PHASE DIFF.(deg) 90 90.125
AMP. DIFF.(Volt) -0.0401 | 0.0673
TUNING RANGE 961MHz

In characterization simulations, the results that are the worst of all, determines the
performance of the circuit. The tuning range of the oscillator is lower now when
compared with typical results. The maximum phase difference is 90.125° degrees.
This value is also inside our design spec. The amplitude difference results are peak to
peak and differential voltage values. Normally the LC oscillator can achieve bigger
oscillation amplitudes but the buffers decrease the amplitudes. But this is better for
measurements of the test chip. We know that the oscillation amplitude of the
amplifier structure of this LC VCO is approximately a factor of two larger than that
of the nMOS-only structure due to the pMOS pair [102,103]. The amplitude
difference between two quadrature outputs is very small which is 0.0673V

maximum.

5.1.4.3 Monte Carlo Results

As mentioned before, characterization simulations calculate only one way of

deviation at the same time. But we also need to see the deviations of different ways
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for the same type of devices. Beyond the process variations, there can be mismatches
of the devices due to the layout. For example, when you draw two MOS transistors
with same dimension, but far away from each other, it is possible that they will not
be identical. This is because of the process. This type of analysis can be done with

Monte Carlo simulation.

In this simulation, you give some deviations to some parameters of the devices. This
can be done to some of the devices in the design while the others can stay with
typical models. So we are able to apply the simulation for our critical devices. In this
design the Monte Carlo simulations are done for NMOS transistors and PMOS

transistors. The transistors are chosen according to their effect in the circuit.

For this design the effective transistors are the one in planar LC oscillator circuit.
The PMOS current source transistor M5, double crosé connected NMOS transistors
M1 and M2, double cross connected PMOS transistors M3 and M4 and varactor
transistors M11 and M12 are most effective ones for the oscillation frequency, phase
and amplitude. For these transistors, their current matching is simulated. The current
matching can be divided into two subjects, the mismatch of B and mismatch V1
These two parameters of the MOS transistor are changed with the amount of
deviation. Both of the deviations are calculated with the formula given in Equation
5.1

2

o> =Aﬁ+ B2 (5.1)

A and B are the parameters given from the technology which are different for a
PMOS and NMOS transistor. The deviation is inversely proportional with the area of
the transistor. When the area is greater, the mismatch errors are smaller.The P
deviation is calculated as a percentage value. The Vr deviation is calculated in
mVolts. According to our technology and to the area of the transistors, the calculated
deviations of the transistors, f and Vr deviation values are given below in Table

5.10.
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Table 5.10 Deviation value for the MOS transistors

Deviation
Device Name B Deviation(%) | Vr Deviation(mV)
PMOS M5 0.33 0.33
PMOS M3, M4 0.46 1.19
NMOS M1, M2 0.46 1.93
NMOS M11, M12 0.4 1.61

For the simulation, all other devices have typical models and the stimuli values of the
circuit, like supply voltage, temperature, tuning voltage are in typical values. Totally

250 runs are made. This number of simulation is enough to make a statistic.

The results of the total simulation are given below.

Phase Difference (max) :90.19°
Phase Difference Error (Standard deviation)  : 0.07°
Amplitude Difference (max) :0.027 dB
Amplitude Difference (Standard deviation) : 0.007 dB
Frequency Difference (max) :2MHz

The phase difference between two outputs is maximum 90.19° and the standard
deviation of the phase difference error is 0.07° degrees. The maximum amplitude
difference between two quadrature outputs is 0.027dB and the standard deviation is
0.007dB, which is negligible. The maximum deviation from the typical oscillation
frequency is 2MHz. The oscillation frequency and the amplitude difference are not
so much effected by the mismatch of transistors. Phase difference is the one mostly

effected from the process variations.

5.1.4.4 Phase Noise Simulation

The phase noise simulation is done separately with simulator HP-ADS. Therefore the
phase noise results couldn’t be examined with characterization and Monte Carlo
simulations. The phase noise calculation of HP-ADS simulator is explained in

Appendix B.

The most effective devices to phase noise are the double crossed NMOS and PMOS
transistors. The phase noise result is shown in Figure 5.15. At 10MHz offset
frequency, the phase noise is nearly —123dBc/Hz. This phase noise calculation is also

done with eldorf. With that simulator at the same offset frequency the phase noise is

121



—114dBc/Hz. The difference of the result between two simulators arrive from the

device models and simulation methods.
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Figure 5.15 Phase Noise Results (HP-ADS)

5.1.5 Layout

After the simulations, the scﬁematics are prepared once more for the layout. All the
MOS transistors, which are directly connected to the PAD, are chosen from IO MOS
transistors. They are also MOS transistors but they have larger drain area than the
normal MOS transistors. The length of the drain is determined by the technology.
These transistors are stronger than the others are, and they can drive more current.

Therefore they are used for protection.

For ESD protection, both metals of the capacitors are connected to ground via

diodes. Each of the simple current mirrors is filtered for high frequency signals.

Decoupling capacitors are used for VDD and GND. All the schematics of the design
for simulations and layout are shown in Appendix C. In Figure 5.16, the layout of the
test chip is shown. The symmetry in the layout is very important for proper
operation. The RF outputs are measured with GSSG (Ground-signal-signal-ground)
pad configuration. These four pads have to be 150um far away from each other from
their middle point for the measurement by the probe station. Three metal layers are
used for the circuit layout, metal four is used to connect the positive and negative

connections of the pads.
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The VDD and GND connections are done also with symmetrical metals from
different parts of the chip. The metals, which carry the RF signals, are shielded from
each other to prevent coupling of the signals. The total chip area is

1300pmx1300um.
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Figure 5.16 Layout of the test chip of the quadrature LC oscillator
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Figure 5.17 Top level schematic of the quadrature ring oscillator
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5.2 Ring Oscillator with Quadrature Outputs

5.2.1 General Information

Quadrature ring oscillator circuit is also designed for HIPERLAN project as a test
chip. As mentioned before, even numbers of delay cells are used to provide
quadrature outputs. Here two delay cells are used. The oscillator is buffered again for

the test measurements. The top-level schematic is shown in Figure 5.17.

5.2.2 Circuit Description

The quadrature ring oscillator is designed with the method as explained in Section
4.3.4 which uses even number of delay cells to have quadrature outputs. In this
design two delay cells are used to achieve quadrature signals. The frequency control
is done with both controlling tail current and gate voltage of the PMOS transistors in
the delay cell to minimize the swing variation. This type of ring VCO is explained
Section 4.2.2 in Figure 4.9. The delay cell is designed with a differential BiICMOS
pair as shown in Figure 5.18. This is a typical differential pair with BJT buffers. In
typical conditions, same amount of current flows from M3, M4 and M5, which is
nearly 1.2mA. The PMOS transistors operate in triode region, each acting as a
variable resistor controlled by the analog tuning voltage indirectly helping to change
the oscillation frequency. The dimensions of the transistors in this delay cell are
shown in Table 5.11.

The dimensions of the MOS transistors are a big concern. There is trade-off between
the oscillation frequency and mismatch of the circuit. Both of them depend on the
dimensions PMOS transistors. First, as it will be explained in next sections, in
Monte Carlo simulations it is seen that PMOS transistors in the delay cell M1 and
M2 are the most effective ones on the mismatch results of the circuit. Secondly, these
transistors are very effective on the oscillation frequency as they act as variable
resistor. The oscillation frequency is very sensitive to the width of the transistors.
Proper dimension should be chosen which satisfies the exact oscillation frequency
with minimum phase mismatch. For NMOS transistors, only M5 is effective on
mismatch. Therefore, the dimensions of M5 are chosen as its area to be bigger but

having same W/L ratio with M3 and M4, as they drive the same current. As
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explained in Equation 5.1, the area of the transistor is effective on the mismatch, but
we also know that for layout mismatches when the channel length of the transistor is

bigger, it is better for the mismatch. Hence, the length of the transistor M5 is chosen

3um.
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Figure 5.18 Differential delay Cell

Table 5.11 Dimension of the transistors in delay cell

Device Name Dimension
M1, M2 48/0.45 (um/um)
M3,M4 83.6/2 (um/um)

M5 125.4/3 (um/um)

Q1,Q02,Q3,Q4 NHS8

5.2.2.1 Tuning of the oscillator

An analog voltage is used to tune the oscillator. The simple diagram of the tuning
system is shown in Figure 5.19. The circuit can be divided into two parts as NMOS
biasing and PMOS biasing. The first part, which is called NMOS biasing, supplies
bias gate voltage for NMOS transistors in the delay cell. Therefore they tune the tail
current of the delay cell. The second part, which is called PMOS biasing, supplies
bias gate voltage for the PMOS transistors in the delay cell. This voltage tunes the
PMOS transistors to change the oscillation frequency.
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Figure 5.19 Bias Circuit

The NMOS biasing part is shown in Figure 5.20. The input voltage Vy is the tuning
voltage, which is between 0.4V and 1.6V. In this circuit the tuning voltage is
converted to current over a resistor with a simple feedback circuit. Then the simple
PMOS current mirror mirrors this current which is proportional to the tune voltage.
The transistor M4 will mirror the tuning current. The OUT pin is connected to the
gate of NMOS transistors in the delay cell, also to the NMOS transistors in the next
PMOS biasing cell. The dimensions of the devices are given in Table 5.12

Voo
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VBias M2 l I ' M3
Vn o
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] ouTr
M4
Ri
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o

Figure 5.20 NMOS Bias Circuit

Table 5.12 Dimensions of the devices in NMOS bias circuit

Devices Dimensions and Values
Rl 3.2KQ
M1 100um/0.65um(Aspect ratio)
M2, M3 140pum/1 um(Aspect ratio)
M4 20.9um /2um(Aspect ratio)

The op-amp circuit A;, used in the NMOS biasing circuit is shown in Figure 5.21.
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Figure 5.21 The schemtaic of the op-amp used in the NMOS basing circuit

The design of this op-amp circuit is also critical because the input voltage range is
between 0.4V and 1.6V. The op-amp is a simple differential pair with PMOS level
shifters. The use of level shifters is a must as 0.4V input voltage is not enough to
drive transistors M2 (or M1) and M5 with only differential pair. The dimensions of
the transistor are given in Table 5.13. All of the dimensions are optimized very
carefully. The circuit should work properly within all characterization conditions,
satisfying the minimum input offset voltage error. All of the transistors should stay in

saturation region for proper work and stability.

Table 5.13 Dimensions of the devices of the op-amp circuit for NMOS biasing

circuit.
Device Name Aspect Ratio(um/um)
M1, M2 60/1
M3,M4 20/0.5
M5 30/1
M6, M7 75/0.45
M8, M9, M10 15/0.5
Mil1 10/1

The PMOS biasing circuit is shown in Figure 5.22. This circuit is the second part of
the tuning system, which obtains the control voltage for the PMOS transistors in the
delay cell. The input voltage of the circuit Vi, is supplied by the NMOS biasing
circuit, which changes with the control voltage. The resistor dividers are used to fix
the Vps voltage of the PMOS transistor to guarantee that it stays in triode region.

Therefore the dividers also satisfy a stable oscillation frequency region. The gate
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voltage of M1 changes with the supply voltage and the tuning voltage. The output of

the circuit is connected to the gate voltage PMOS transistors in the delay cell.

VDD o Py

VIN R2

S

Figure 5.22 PMOS bias circuit
The device dimensions and values are given in Table 5.14.

Table 5.14 Dimensions of the devices of the PMOS bias circuit

Devices Dimensions

R1 750Q

R2 9250Q

C1 1pF

Ml 24pum/0.45um(Aspect ratio)
M2 20.9/2

The op-amp circuit (Az) used in PMOS biasing circuit is shown in Figure 5.23.
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Figure 5.23 Op-amp circuit used in the PMOS biasing circuit

This is a simple differantial pair with NMOS level shifter transistors. This op-amp
design is again a critical one like the one used in NMOS biasing circiut. This time the
input voltage is too high which is very close to the supply voltage because of the
ratio of the resistors. When the supply is 3.3V, the input voltage becomes nearly 3V,
hence this leaves only 0.3V for M1 and M3(or for M2 and M4). With the help of
level shifters this level is increased. The bias of level shifter NMOS transistors are
satisfied with another bias circuit. The dimensions of the transistors are shown in

Table 5.15. These dimesnsions are achieved after many iterations.

Table 5.15 Dimensions of the devices in the op-amp circuit of PMOS bias circuit.

Device Name | Aspect Ratio(um/um)
MI1, M2 60/0.5

M3,M4 20/2

M5 15/0.5

M6, M7 20/1

M8, M9 8/1

The biasing of the transistors in PMOS and NMOS biasing circuits are obtained by
three diode-connected NMOS transistors as shown in Figure 5.24. The output pin of
the circuit is connected to gate of transistors M11 in NMOS biasing cell, M5, M6,
M7 in PMOS biasing cell. The aspect ratio of the transistors is 4pum/1um.
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Figure 5.24 Bias circuit for NMOS biasing and PMOS biasing circuits

5.2.2,2 Buffer circuit

The buffer circuit is shown in F igure 5.25. It is very similar with the emitter follower
used in LC oscillator circuit. Biasing of the transistor is satisfied by the NMOS
biasing circuit. So the current of the buffer changes with the tuning voltage. The
input of the BJT transistor is directly connected to the output of the delay cell. The

dimensions of the devices are shown in Table 5.16.

Table 5.16 Dimensions of the devices in buffer circuit

Devices | Dimensions
M1 83.6um/2um (Aspect ratio)
Ql NH4

[,

GND
o—

Figure 5.25 Buffer circuit for ring oscillator
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53.2.3 Simulation Results
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Figure 5.26 Simulétion schematic of the delay cell

As we have mentioned in the simulation results section of the LC oscillator, the
quadrature ring VCO circuit is also prepared for the simulations. To symbolize the
layout effects, for critical nodes of the circuit, 5fF of capacitance are connected from
the nodes to GND. As an example the schematic of the delay cell with parasitics is

shown in Figure 5.26.

In the MOS transistor models, there are some optional parameters that change the
default property of the transistor. One of the optional parameter is GEO parameter.
This is a switch parameter, which determines the layout of the device. The default
value of this parameter is GEO= 0, which indicates that the drain and the source of
the device are not shared by the other devices. In our design all the MOS transistor’s
GEO parameter is GEO=1, which indicates the drain is shared with another device.

This is used to decrease the parasitic capacitance of the MOS transistor. The change
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in the value of capacitance of the transistor will change the oscillation frequency.
Therefore changing the GEO parameter of the MOS transistors in the delay cell is
most effective. The parameter change of the MOS transistors in the biasing cells
doesn’t make a difference in the results. But not to loose the integrity in the design,

all the MOS transistor’s GEO parameter has been changed to GEO=1.

For the simulations a trigger pulse is connected between the outputs of the first delay

cell. All of the circuit schematics of the simulations are given in Appendix C.

5.2.3.1 Typical results

Two different design environments are used which are Made and HP-ADS. Transient
simulations and Steady State (SST) analyses are done with eldorf. The
characterization simulations and Monte Carlo simulations are done with eldorf also.

Phase noise simulation is done with HP-ADS.

In Table 5.17, some stimuli values of the circuit are given for typical conditions.

Table 5.17 Typical stimuli value for ring oscillator

Typical Values
Temperature 27 deg.
Analog Tune (Vtune) 900mV
Supply Voltage 3.3V
Device Models Typical

With given typical conditions transient simulation is realized. In Figure 5.27 the

transient response of the outputs is shown.

The oscillator achieves quadrature outputs. We can see this result ones more from the
SST analysis as shown in Figure 5.28. At oscillation frequency, 6GHz, there is 90
degrees difference between two ouputs. This proves the quadrature outputs.

The amplitude difference between two quadrature outputs are shown in Figure 5.29.
the difference at 6GHz is negligble enough which is 0.0583dB.
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Figure 5.27 Transient response of the ring oscillator
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Figure 5.29 Amplitude difference of the outputs

The tuning range of the oscillator is shown in Figure 5.30. The tuning voltage is

changed between 0.4V and 1.6V. Within this range the oscillation freqeuncy changes
from 2.81GHz to 7.55GHz.
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Figure 5.30 Tuning Range of ring oscillator
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The tuning range of the oscillator is 4.74GHz. The peak to peak differential voltage
value of the outputs is between 0.670V and 0.799V. The maximum amplitude
difference between two quadrature outputs is 30mV.

The typical results of the circuit are summarized in Table 5.18.

Table 5.18 Ring Oscillator Typical condition results

TUNING
0.4V 1.6V
FREQUENCY(GHz) 2.81 7.55
AMPLITUDE(Vpp diff) 0,670 0,799
PHASE DIFF.(degrees) 90 90
AMP. DIFF.(mV) 1 30
TUNING RANGE 4.74GHz

5.2.3.2 Characterization simulations of the quadrature ring VCO

The characterization simulation for quadrature ring oscillator is also very important
as it gives the performance results of the circuit. The general characterization
conditions for our design are already explained in section 5.1.3.2. In addition to
these, this time we have BJT transistors with its fast and slow models. This increases.
the number of simulations, which makes 256 simulations totally. The results of the

simulations are given below in Table 5.19.

Table 5.19 Characterization results of ring oscillator

MIN MAX
FREQUENCY(GHz) 4.83 6.0
AMPLITUDE (Vpp diff) 526mV 1.15V
PHASE DIFF.(degrees) 90.004 90.13
AMP. DIFF. 4mV/(max)
TUNING RANGE 1120MHz

These are the worst results of the characterization simulations, which gives the real
performance of the circuit. The tuning range of the oscillator is decreased, when
compared with the typical results, which is 1120MHz. The amplitude of the outputs
changes with different conditions of the circuit. The amplitude difference value is
checked within the tuning range area, which is between 4.83GHz and 6GHz and
found as 4mV. The phase difference of the outputs is maximum 90.13 degrees,

which is very normal.
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5.2.3.3 Monte Carlo Simulations

In the quadrature ring VCO, Monte Carlo simulations are only done in order to see
the phase difference of the oscillator. We know that the devices in the delay cell are
most effective ones for the phase mismatch of the circuit. This time we have also
BJT transistors. For MOS transistors the same method is used to calculate the
deviations as explained in Equation (5.1). The mismatch of NPN BJT transistors will
be calculated with the Is and B parameter deviation. I is for collector current
matching, B is for current gain matching. Both of the deviations can be calculated

from the given equation.

o=t 5.2)

In the equation, A is the parameter given from the technology depending on the type
of the NPN transistor. The unit of this parameter is [%pm]. The parameter B is the
effective emitter area of the BJT. This area also changes with the type of the BJT.

The NPN transistors in fhe delay cell are all same type, which is called NH8 in our
technology. The deviation is calculated with the formula in equation 5.2. The

deviations of the-'NPN transistor are shown in Table 5.20.

Table 5.20 Deviation of NPN transistors in the delay cell.

Deviation
Device Name B Deviation(%) Is Deviation(%)
Ql,Q2,Q3, Q4 0.65 5.25

The PMOS transistors M1 and M2 in the delay cell and the PMOS transistor M1 in
the PMOS biasing cell are very effective on the mismatch. For NMOS transistors,
current source transistor M5 in the delay cell is an effective one. The current sources
of the buffers in the delay cell M3 and M7 are also included to the Monte Carlo

simulations.

The deviations calculated for the MOS transistors are given in Table 5.21. We know
that the deviations are inversely proportional to the area of the transistor. The results
given in table are obtained after many optimization simulations. The optimum

dimensions are already given in the circuit description section.
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Table 5.21 Deviation of MOS transistors

Deviation
Device Name B Deviation(%) Vr Deviation(mV)
PMOS M1(PMOS bias cell) | 0.7 2.3
PMOS M1,M2 (delay cell) | 0.54 1.63
NMOS M3, M4 (delay cell) | 0.27 0.88
NMOS MS5 (delay cell) 0.22 0.44

On the list given above, for the mismatch of Vy, VTHO parameter and for the
mismatch of B, WMLT parameter is used for MOS transistors.

As mentioned in the results of Monte Carlo simulations in LC oscillator, all other
parameters of the circuit are in typical conditions. The results of the simulations are

given below in Table 5.22.

Table 5.22 Monte Carlo simulation phase mismatch results

Mismatch Types Standard Phase Deviation
Only PMOS mismatch 0,14 degrees
Only NMOS mismatch 0,06 degrees
Only NPN mismatch 0,05 degrees
Total mismatch 0,15 degrees

The simulations are done separately for each type of device to see which one is
causing the most mismatches. PMOS transistors are the ones causing phase
mismatch, but these results are the last values after the optimization. The total phase

mismatch is 0.15 degrees.

5.2.3.4 Phase Noise Simulations

The phase noise simulations are realized with HP-ADS and eldorf. The phase noise
simulations is done only for typical conditions. The result of HP-ADS [104] is given
in Figure 5.31. At 10MHz offset frequency, the phase noise is -97dB¢/Hz at 10MHz.

In eldorf results of phase noise is shown in Figure 5.32 and is found —105dBc¢/HZ at
10MHz offset frequency. The difference in the results is because of the device model
differences between two simulators. The phase noise of the ring oscillator is an
expected one as it suffers from the Q. We know that we can’t achieve better phase

noise results as in LC oscillators.
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5.3 Comparison of the LC and ring VCOs

In the sections above we have discussed about the quadrature LC and Ring
oscillators. The performance of both of the circuits is summarized in Table 5.23. As
mentioned before the performance of the circuit is obtained by the characterization
simulation results of the circuit. Hence the results in Table 5.23 are comparable
characterization results for both of the oscillators. In the comparison of the circuits,

we should consider the performance of the produced chip with layout effects.

The tuning range is one of the important design spec for a VCO. The tuning range of
the ring oscillator is 159MHz wider than the LC oscillator. There is not too much
difference but the method of gaining this range is also important. Only an analog
voltage tunes the ring oscillator, but for the LC oscillator we use a digital tuning and
an analog tﬁnjng circuit together. In Monte Carlo analysis, it is seen that the
mismatch of the devices doesn’t effect the performance too much for both of the
oscillators. But for the LC oscillator the effects of the inductors should be
considered. There would be a mismatch between the inductors, so the tuning range
value for the LC oscillator can change. The mismatch of the inductors is drawback of
the LC oscillator. But both of the oscillators satisfy the 5-6GHz-frequency range of
HIPERLAN. ‘

The phase difference results are very satisfying for both of the circuits. In Table 5.24
the Monte Carlo results are given for phase difference, here the ring oscillator has
more mismatches than the LC oscillator. But we have to remember that the mismatch
of the inductors is not simulated. We know from some the measured chips that [28],
the mismatch of the LC oscillator cause up to 5 degrees of mismatch between the
quadrate outputs. For the oscillation amplitudes, the difference between the
maximum and the minimum value of the ring oscillator is bigger than that of the LC
oscillator. That means the oscillation amplitude of the ring oscillator changes more
with the mismatch. And the results are differential and peak to peak amplitude
values. For example the minimum amplitude value for the ring oscillator is 0.526V.
The peak value of one the output of the oscillator makes 131.5mV. This low value
makes the design of the mixer more difficult. But the LC oscillator can achieve

bigger oscillation amplitudes.
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The phase noise performances of the oscillators are incredibly comparable. This
difference is already explained in Chapter 3 that the LC oscillators always have
better phase noise. The LC oscillator achieves —123dBc/Hz while the ring oscillator
achieves only —-97dBc/Hz at 10MHz offset frequency. Again the phase noise result of
the LC oscillator will be depended on the production of the inductors, which is

effective on the value of the Q of the inductor.

Table 5.23 Characterization results of the oscillators

LC oscillator Ring oscillator
Tuning Range 961MHz 1120MHz
Phase Difference (Degrees) 90.125 90.13
Amplitude(max V) 0.72 1.15
Amplitude(min V) 0.2 0.526
Amplitude Difference(max V) 0.0673 ~ 0.004
Phase Noise(10MHz offset) -123dBc/Hz -97dBc/Hz

Table 5.24 Phase Difference Error with Monte Carlo simulations -

LC oscillator Ring oscillator

Phase Difference Error :
Standard deviation(Degrees) 0.07 0,15

The phase noise of the ring oscillator satisfies the spec of the system but the value
will make the design of the PLL more difficult, which has to improve the value of the

phase noise.

When the chip area of the circuits are compared, the LC oscillator consumes more
chip area than the ring oscillator. For all the performance results of the LC oscillator,
the mismatch of the inductor is very effective. To achieve the exact oscillation
frequency band of the system, the LC oscillator needs much iteration. We have this

experience from the 3.5GHz LC oscillator design for the DECT project [105].
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6. CONCLUSION

The last decade of this century has seen an explosive growth in the communications
industry. People want to be connected all the time using wireless communication
devices. In addition, the demand for high bandwidth communication channels has
exploded with the advent of the Internet. Thanks to the high density available on
integrated circuits, sophisticated digital modulation schemes can be employed to
maximize the capacity of these channels. This has changed the design of wireless and

wireline transceivers.

The advances in the technology are also a determining factor in this evolution. The
RF design is shifted from discrete design to IC solutions. With performance the cost
of the chip is also very important. GaAs has a very good frequency performance but
it is expensive. BICMOS give the best results when bipolar transistors are used for
high frequency blocks and MOS transistor for digital blocks. But the standard CMOS
process is cheaper than the BiCMOS process. Besides SiGe BiCMOS process |
achieves bipolar transistors with high fr values. Today a lot of research is done on
the single chip CMOS or BiCMOS RF.

A communications transceiver consists of different blocks, but the VCO is a critical
sub-block of the transceiver. This thesis covers the design of RF VCOs. Before going
deeply with the design tips of the VCOs, the general theory of oscillation and
different type of basic RF oscillators have been presented in Chapter 2. Crystal
oscillators, basic LC oscillators, Wien-Bridge oscillator, Colpitts oscillator, Hartley
oscillator, relaxation oscillators and ring oscillators have been a subject of this

chapter as they are the basics of the RF oscillators.

Chapter 3 has presented the basics of VCO beginning with the definition of a VCO.
Main requirements for the VCO are low phase noise, wide tuning range and low
power consumption. Due to very small communication channel spacing, the output
signal of the frequency synthesizer must be a very pure sinusoid. At frequency

offsets larger than the loop bandwidth, the phase noise is mainly determined by the

142



VCO. The general theory of phase noise in oscillators has also been presented in
Chapter 3. Calculation of phase noise LC and ring oscillators are given with different
models and formulas. We can conclude that LC oscillators have a better phase noise
performance than ring oscillators. For a single-ended CMOS ring oscillator, phase
noise is not dependent on the number of the stages. A differential ring oscillator does
exhibit a phase noise dependency on the number of the stages, with the phase noise
degrading as the number of the stages increases for a given frequency and power
dissipation. The phase noise performance of an LC oscillator is mostly determined by
the quality factor of the inductor. Higher Q valued inductors bring a better phase
noise performance to the VCO. Of course it is not possible to go beyond a certain

phase noise level due to the limitations of the technology.

Varactors and inductors are also a subject of Chapter 3. Varactors are key element in
the design of LC VCOs for overall performance. We know that LC oscillators do not
have a wide tuning range like ring oscillators. Therefore to increase the tuning range
of the LC VCOs, different types of varactors are studied. Gated MOS varactors give
the best performance of tuning range over all other varactor types. But this is a very
new type varactor so it is still under research and there are not so many designs with
this type of varactor. If you look at the LC VCO designs in last three years, it is seen
that accumulation MOS varactor is taking the place of diode varactor. The LC VCO
designed with accumulation MOS varactor consumes less power, has a larger tuning
range and a better phase noise performance than the ones designed with diode
varactors. Inductors have been presented in three categories; active inductors,
bondwire inductors and spiral inductor. Inductors are very effective on the phase
noise performancé of the VCO. Active inductors are not preferred because they are
noisy. More research is on bondwire and spiral inductors. High quality inductors are
not readily available in a standard silicon process. Both bondwire inductors and
spiral inductors have advantages and disadvantages. Bondwire inductors has a low
series resistor so that high quality factors can be achieved, but on the other hand, they
have a spread of (+20%), which makes the tuning of the tank limited. Spiral
inductors suffer form the high Q values because of the standard CMOS process, but
better tuning is feasible with a spread of (+5%). Die to die bonding is not accepted
yet in a production environment, therefore die to frame lead bonding can be used

with a series combination with a spiral inductor which collects the advantages of
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both bondwire and spiral inductor. Spiral inductors are used with different shapes
like octagonal, polygon or symmetrical. Octagonal spiral inductor is the one mostly
used but the performance of the symmetrical one seems better. The syvmmetrical
inductor is one differential coil. The use of one differential coil instead of two single
coils exploits the coupling factor to increase the inductance, leading to a higher L C
ratio. Using one coil costs less chip area. But the research on the symmetrical
inductors still goes on, especially for their lumped element modelling for the

simulations.

Different type of VCOs, designed from 90s until today has been presented in Chapter
4. The work covers a research on LC and ring VCOs. The LC VCOs are especially
chosen for their different usage of varactor and inductors and amplifier circuits, so
that the reader can compare them. The work is mostly on negative-Gy, oscillators,
which are more preferred. The LC VCO using a series combination of bondwire
inductor and spiral inductor, and an accumulation MOS varactor has the best
performance of tuning range and phase noise when compared with the VCOs with
same type amplifier circuit. Of course the circuits which are designed with cross-
coupled PMOS transistors have better phase noise performance. The tuning range
performance of the gated MOS varactor VCOs are challenging. Different types of
delay cells and tuning methods have been presented for ring VCOs. The ring VCO
having a fully switching of the differential delay cell and dual-delay path technique
achieves better tuning range and phase noise performance than the ones that are

studied in our work.

Quadrature signal generation is a critic point of the systems, which use digital
modulations such as QPSK, GMSK, OFDM etc. Different methods to generate
quadrature LO signals have been presented in Chapter 4. Four different methods are
discussed and compared with each other. Using RC-CR network or polyphase filter
after the VCO, following with buffers or limiters consume too much power, costs big
chip area and quadrature signal performance is very dependent to the mismatch in the
layout. Therefore this method is not preferred. Frequency division method, costs
smaller area than the RC-RC network and cross-coupled VCO method. But the
master-slave flipflops, which have to be designed in double frequency, too much

power in currently used CMOS technology. As the technology scales down, this
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could change very rapidly. If the primary design concern is low cost and or small
area, then this solution clearly must be preferred, as the VCO designed at double
frequency features a smaller coil however, in applications of high frequency like
HIPERLAN?2 it is not possible to design a double frequency VCO. Third method is
two cross-coupled VCO. This costs double VCO area but consumes less power than
the first and second method. One of the advantages of this method is that it provides
high voltage swing, which eases the design of prescaler and mixers. The quadrature
mismatch is mostly less than 5 degrees in the previous designs. Fourth method is the
quadrature ring oscillators designed with even number of delay cells. This method
costs less chip area than the cross-coupled VCO method but as it is a ring oscillator,
the phase noise performance of the VCO will be worse than the cross-coupled LC
VCO method. The third and the fourth method can be chosen according to the design
specs of the VCO. If there is no need for a good phase noise performance, the
quadrature ring oscillator is a good choice as it also performs high tuning range. And

if the system requires low phase noise, the cross-coupled LC VCO should be chosen.

The demand for wireless local area network (WLAN) systems, which can support
data rates in excess of 20Mb/s with very low cost and low power consumpﬁon, is
rapidly increasing. Most of these systems use the 2.4GHz ISM band, but there is
worldwide interest in increasing data transmission rates by using the SGHZ ISM
band like the European high-performance radio LAN (HIPERLAN) system.
HIPERLAN?2 has a very high transmission rate up to 54 Mb/s. This is achieved by
making use of a modularization method called Orthogonal Frequency Digital
Multiplexing (OFDM). The HIPERLAN2 has been specifically developed to mainly
have a wired infrastructure providing a short range wireless access to IP, ATM and
UMTS networks. In Chapter 5, two different types of VCO have been presented,
designed for in HIPERLAN? system. Both of the VCOs generate quadrature signals,
as OFDM modulation is used in this system. Both of the VCOs are designed with
0.35um SiGe BiCMOS process.

First design consists of two identical cross-coupled LC VCOs. Each VCO is realized
with coupled PMOS and NMOS transistors with a symmetrical coil. For a better
tuning range MOS varactors are preferred instead of diode varactors, for both analog

and digital tuning. Accumulation varactors could not have been used because this
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type of varactor has not been modelled or tested by this technology. The VCO
operates between 5.008 and 5.969GHz having a tuning range of 961MHz. The VCO
achieves —125dBc/Hz of phase noise at 10MHz offset frequency. The quadrature
phase mismatch is less than 0.125 degrees. The second design is the quadrature ring
oscillator with two delay cells. The delay cells are designed with a differential
BiCMOS pair. Both the tail current and the gate voltage of the PMOS transistors of
the delay cell are controlled with one tuning voltage. The ring VCO operates
between 4.83 and 6GHz, having a tuning range of 1120MHz.the phase noise of the
ring VCO is -97dBc/Hz at 10MHz offset frequency. The quadrature mismatch is less
than 0.13 degrees. The simulation results of LC and ring oscillator are comparable
with each other. The phase noise performance of the LC VCO is better than the ring
VCO. The ring VCO has a better tuning range than LC VCO. The quadrature phase
mismatch results are exactly the same. Although we have done the Monte Carlo and
all characterization simulations, the performance of the VCOs will be slightly
different when they are really measured. There will be some mismatches due to the
process variations and the results will not be the same with simulation results. We
had studied that the quadrature LC VCOs have quadrature mismatch values up to 5
degrees. Therefore in reality the phase mismatch will be much greater then it is
simulated, however with a very careful design, mismatch values up to 1 degrees can
be achieved. The operation frequency can change because of the integration of the
inductors. The operation frequency band can change because of the difficulties to
integrate the inductor. It is possible that finding the correct frequency band can need
some iteration. For the quadrature ring VCO, in the simulations it was seen that the
oscillation frequency is very sensitive to the PMOS transistors in the delay cell. The
operation frequency band can also change for this VCO in the measurement results.
The LC VCO will cost more chip area than the ring VCO. The phase noise spec of
the VCO in the HIPERLAN?2 system is the —-99dBc/Hz at 10MHz. The LC VCO
achieves very well this spec, but the ring VCO achieves lower than the spec. We
know that the PLL improve the phase noise, so the ring VCO can still be used in the
system but the design of the PLL will be difficult than the design of the PLL of the
LC VCO. Both of the VCOs seem feasible for HIPERLAN?2 system but one should
know that ring VCO has a higher phase noise but easy to implement and cost less
chip area whereas the LC VCO has a lower phase noise, cost more chip area and not

so easy to implement because of the inductors.
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With the simulations results we have shown that quadrature LC VCO and quadrature
ring VCO are feasible for HIPERLAN2 system. For other systems where the 5-6GHz
range is used, if the phase noise performance is important and strict, the LC VCO
should be preferred with high cost. And if chip area cost is important ring VCO
should be preferred suffering from phase noise. The remaining challenge is to test
both of the VCOs and see which one better and how the VCOs can be improved. It
will be interesting to design the LC VCO tank with an accumulation MOS varactor
to increase the tuning range of the LC VCO. For the ring VCO another feasibility can

be done to improve the phase noise performance.
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A APPENDIX A

In oscillator circuits, RC, LC and RLC circuits are frequently used. So it is useful to
review, the properties of these circuits like the quality factor Q, and passive
‘impedance transformation of RLC circuits.

Figure A.1 LC tank circuit.

A.1 Quality factor Q

The general definition of the quality factor is,

e Peak energy stored
" Energy loss per cycle

(A

This formula can be used for the well-known LC tank circuit with a parallel resistor
as shown in Figure A.1. If a sinusoidal voltage V(t) = V,.sin(ot)is applied to the
circuit, at times t when the applied voltage reaches its maximum, voltage across C
equals to V and the current through L equals zero. At that time the energy stored in
the capacitor is at a maximum, and the energy in the inductor is zero. The peak
energy stored is,

v’

E peak 5 (A.2)

The amount of energy, which is lost in the circuit through the resistor Rp, is,

2nn/ . 2
E,, = J- [VA.sm(cot)] dt = AN (A3)
0

Rp o.R;

According to the equation (A.3), the quality factor of the LC tank with parallel
resistor is,
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cv,’

Qucr, =27 n\f ~=R,0C (A.4)
A

(DRp

This quality factor is frequency dependent. At the LC tank’s resonance frequency
o, =1/+LC, resulting quality factor is equal to

C
QLcr, = Rp\/; (A.5)

The quality factor values for several tank circuits are shown in Figure A.2 [36].

Rs mnad—
C R, L O —
Rpr —-——1 L
R,wC R, \f C

Figure A.2 Quality Factors for different tank circuits [36].

A.2 Basic Properties of RLC Circuits

As shown in Figure A.3a, a capacitor C, is placed in parallel with an inductor L, that
resonates at a frequency ., =1/4/L,C, . At this frequency the impedance of the

inductor is jL;wyes and the impedance of the capacitor is equal to1/(jC;wyes) and these
values are equal. And they form infinite impedance, so that the circuit has an infinite
quality factor. But in practice, inductors (and capacitors) suffer from resistive
components. The series resistance used in the inductor is modelled as shown in
Figure A.3b. The Q of the inductor is defined as

Q=L,0/Rg (A.6)
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The equivalent impedance of the circuit is

Rs+L;s

Zeg(s)= 5 (A7)

1+L,C;s” +R4Cs

LE ——=c
(@ ®
Figure A.3 LC tank (a) ideal (b) realistic

. U2 R +L%0?

Zog(s=jo)| = - ) (A.8)

(1-L,C0%)? +R*C 20’

That means the impedance does not go to infinity at any s=jm. And it can be said that
the circuit has a finite Q. The circuit of Figure A.3b can be transformed to an
equivalent topology, which is more easily analyzed and designed.

L Rp
Ls

(@ (®)

Figure A.4 Conversion of a series combination to parallel combination
(a). Series (b) parallel.

For a narrow frequency range, it is possible to convert the circuit to the parallel
configuration, which is showed in Figure A.4b. And for the two impedances to be
equal:

Lis+Rg = —21PS_ (A9)

If we rewrite the formula, considering only steady state response:

(L;Rp +LpRg)jo+RgRp —L,Lpo* =R,L;yjo (A.10)
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Then,

R¢Rp -L,Lro? =0 (A.12)
From these 2 equations,
R’
Lp =Ll(1+m) (A.13)

Remember L;0/Rg = Q and this value of Q is typically greater then 3 for monolithic
inductors. Therefore equation (A.13) can be written as

L,= L, (A.19)
and for resistor
2 2
R, ~Z19 L Q%R (A.15)
Rg :

As a result, the parallel network has the same reactance but a resistance Q times the
series resistance. Similar results can be derived for RC network shown in Figure A.5.

Rs % Cp R,

Cs

=

(@) ®

Figure A.5 Equivalent (a) series and (b) parallel RC circuits

R, ~———— (A.16)
R;Cs "o
Cp = Cs (A1T)

In Figure A.6 the conversion of the tank to three parallel elements is shown.
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L, T Ce Le R

(2) (b)

Figure A.6 Conversion of a tank to three parallel components [21]

This equivalence breaks down as ® departs from the resonance frequency where
Cp=C;. These transformations are also very helpful in impedance transformation.
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B APPENDIX B

As mentioned in Chapter 5, the phase noise simulations of the quadrature LC VCOs
are done with different simulators. One of them is HP-ADS, which calculates in a
different way. Below we are going to explain how HP-ADS calculates the phase
noise

B.1 Phase noise calculation of HP-ADS

HP-ADS calculates two kinds of phase noise [104]. These are, phase noise (in dBc)
calculated from frequency sensitivity analysis and the phase noise (in dBc) calculated
from mixing analysis.

Phase noise of an oscillator can be analyzed by two separate, independent methods as
mentioned before. The frequency sensitivity noise, may be viewed as the oscillator
acting as VCO and changing its operating frequency due to FM modulation caused
by noise generated in the oscillator. This method calculates the flicker noise effects.
The small signal mixing of noise comes from the nonlinear behaviour of the
oscillator, where noise mixes with the oscillator signal and harmonics to mix to
sideband frequencies on either side of the oscillator signal. The calculated pnmx
(phase noise from mixing analysis) and pnfm (phase noise from frequency sensitivity
analysis) results of an oscillator are shown in Figure B.1. The red plot is calculated
by frequency sensitivity analysis and the blue one is by mixing analysis.

It is shown that the result of pnfm plot has 30dBc/Hz-phase noise at 1Hz. This is not
possible cause the carrier power is always higher then side bands. HPADS makes
calculations for the small band FM. If you imagine the spectrum of FM/PM
modulation with high modulation index, you remember a much wider spectrum then
2*fm. The amplitudes of the sidebands (multiples of fm) are governed by Bessel
functions. Even the carrier can disappear if the modulation index is 2.3. For these
kind of noisy oscillators SSB phase noise power is no longer a useful parameter.
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8
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Figure B.1 Phase noise results of an oscillator

-10dB{dec line from -30dBc at 1Hz offset, indicating
peak phase deviation of .2 radians

fin, dBc

vout_diff. pnmx, dBc
pn

vauf_diff

noisefreq, Hz

Figure B.2 The method showing to find the valid resuits for phase noise of an
oscillator.

The phase noise simulation result that HP-ADS outputs is the SSB power density,
derived from the spectral density of the phase fluctuations, which is what HP-ADS
actually calculates. So, HP-ADS calculates phase noise correctly, but the relationship
to SSB phase noise power does not hold for noisy oscillators.

Therefore to learn the correct phase noise results, as shown in Figure B.2, a —
10dBc/decade line starting at —30dBc/Hz at 1Hz offset from the carrier, indicating
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peak phase deviation of 0.2 radians, has to be drawn on your result plot. This allows
estimation of accuracy of SSB phase noise power results derived from phase noise
spectral density. The phase noise values below this line are valid.
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Figure C.5 Schematic of the buffers of the quadrature LC VCO
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Figure C.8 Top level block schematic of the quadrature ring VCO.
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Figure C.9 Block schematic of the quadrature ring VCO with output capacitors
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Figure C.10 The block schematic of the quadrature ring VCO with biasing and
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Figure C.11 The schematic of one of the delay cell of quadrature ring VCO
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Figure C.12 The schematic of the one of the buffer circuit of the quadrature ring
VCO.
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Figure C.13 The schematic of the biasing of the PMOS and NMOS biasing circuits
of the quadrature ring VCO.
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Figure C.14 The schematic of the NMOS biasing circuit of the quadrature ring VCO
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Figure C.15 The schematic of op-amp circuit used in the NMOS basing circuit of the
quadrature ring VCO.
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Figure C.16 The schematic of the PMOS biasing circuit of the ring VCO

vop [ » + »
= == ==
e e = " = =]l N

—J VOUT_OTA

VEIAS_DTA .——————-—»—-—i?—“ QFIL_ - {T
oND I . ®

Figure C.17 The-' schematic of the op-amp circuit used in the PMOS biasing circuit
of the quadrature ring VCO.
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