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DESIGN OF VARIOUS VCO TOPOLOGIES AND PERFORMANCE
COMPARISON AT 2.4 GHz

SUMMARY

RF transceiver architecture design is critical in the realization of monolithic chip
solutions. Low noise and low power designs are necessary for high performance
wireless transceivers. Voltage controlled oscillators are among the key building
block for the RF communication systems. They are used as local oscillator in up and
down converters. Therefore, the performance of voltage controlled oscillator is

important to determine overall performance of the transceiver.

Power consumption, phase noise and tuning range are some important design
parameters for voltage controlled oscillators. There are many different circuit
structures to improve these parameters. However, many of these structures require
on-chip inductors. There are several downsides to use IC inductors in design such as
high cost and difficult to accurate design.

It is also possible to design an oscillator without using inductors. One of them
implements inductor using active circuits. However, noise performance is very poor
for these structures. Another approach is ring oscillator topology. Although, it is still
worse phase noise performance compared to LC oscillators, they are used in RF
systems because of their high tuning range and easy integration. Another oscillator
topology without IC inductor is Wien-bridge structure. This topology is based on
band-pass filter structure. An operational amplifier is used there to provide stable
oscillation. However, this structure isn’t suitable for high frequency oscillations
because it is limited by operational amplifiers gain-bandwidth product. If an
operational transconductance amplifier is used, this structure can also provide high
frequency operation. Relaxation oscillators are another alternative to LC oscillators.
These kinds of oscillators operate by alternately charging and discharging a capacitor
between two threshold voltage levels.
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In this thesis, four different voltage controlled oscillator structures are designed in
the same 2.4 GHz oscillation frequency. 2.4 GHz is one of the most popular
frequency band that is used in Bluetooth, cordless telephones, car alarms and Wi-Fi
networks. 0.18um process and 1.8V supply voltage is used in all designs to compare

fairly each other.

The design with LC structure has best phase noise performance (-120 dBc/Hz @
1MHz) as expected. However, relaxation oscillator topology provides also good
phase noise performance especially using quadrature structure (-108 dBc/Hz @
1MHz). Some applications in RF communication systems such as image rejection
mixer topologies require quadrature local oscillators and it is very critical to have
signals with 90° phase shift to reject image band accurately. Quadrature relaxation
oscillators can be alternative to LC oscillators for these applications because LC
oscillator phase noise performance decreases in quadrature structure. Ring oscillator
and RC BPF based oscillator structures are also analyzed and designed in this work.
The phase noise performances are obtained about 95.8 dBc/Hz @ 1 MHz for RC
BPF based topology and 97 dBc/Hz @ 1 MHz for ring topology. Their phase noise
performances are worse than others but they have also some advantages such as high
tuning range, easy design and implementation.

Each design is compared with similar structures in literature at the end of chapters.
The best alternative without using on-chip inductor is the quadrature relaxation
oscillator structure. Quadrature up conversion mixer is designed as an application for
quadrature relaxation oscillator. It is used there as local oscillator. Obtained results
are satisfying that quadrature relaxation oscillator can be used effectively in image

reject up and down conversion systems.

At the end of thesis, these four structures are compared and discussed in detail. Their

advantages and disadvantages are manifested according to each other.
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FARKLI YAPILARDA VCO TASARIMLARIVE 2.4 GHz’DE
PERFORMANS KARSILASTIRMASI

OZET

Gelisen teknoloji ile birlikte, yiiksek frekans haberlesme sistemlerinin entegrasyonu
daha da 6nem kazanmistir. Artik tiim alici ya da verici yapist tek bir entegre ile
gerceklenmeye baslanmistir. Tasarlanan bu karmasik entegre devrelerin aym
zamanda disiik giliriiltili ve harcadigi enerjinin de az olmasi beklenmektedir.
Gerilim kontrollii osilator devreleri, bu karmasik entegre bloklarin performansini
etkileyen onemli bloklardan biridir. Bunlar alict ve verici sistemlerde carpici isaret

olarak kullanilirlar.

Giig tiiketimi, ¢aligma frekans araligi, faz giiriiltiisii gibi 6zellikler gerilim kontrollii
osilatdrler icin baslica tasarim parametreleridir. Bu parametreleri iyilestirme
acisindan bir ¢ok cesit devre yapilari mevcuttur. Fakat bunlarin birgogu entegre
endiiktans kullanimini gerektirmektedir. Bu durum da maliyeti artirmakta ve

endiiktansin modellenmesi zor oldugundan giivenilirligi azaltmaktadir.

Entegre endiiktans kullanmadan da ytiksek frekans osilator tasarimi1 miimkiindiir. Bu
konuda degisik devre yapilar1 Onerilmistir. Bunlardan biri aktif elemanlarla
endiiktans fonksiyonunu gerceklemektir. Fakat bu yaklasimda giiriiltii performansi

kotiilesmektedir.

Ring osilator yapisi endiiktans kullanilmayan bir diger yaklagimdir. Temel olarak ard
arda eviricilerin baglanarak osilasyon i¢in gerekli faz cevrimi elde edilir. Faz
girtltileri LC osilatorlere gore kotii olmasina ragmen Ozellikle frekans c¢alisma
aralig1 genis ve diisiik maliyetli uygulamalarda tercih edilirler. Ayrica bu yapilarin

entegrasyonu daha basittir.

Endiiktans kullanmadan gerceklenen bir baska osilator yapist da Wien-bridge
yapidir. Temel olarak band gegiren filtre karakteristigi gosterir. Fakat bu yap1 yiiksek

frekanslar i¢cin uygun degildir ¢iinkii i¢inde kullanilan operasyonel kuvvetlendirici
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devresinin band genisligi osilatoriin ¢ikabilecegi maksimum osilasyon frekansini
belirlemektedir. Fakat onun yerine islemsel gegis iletkenligi kuvvetlendiricisi
kullanilirsa daha yiiksek frekanslarda g¢alisabilen bir osilatdr devresi tasarlanabilir.

Bu devre yapisi da bu tezdeki tasarimlar arasinda yer almaktadir.

Son olarak da, bir diger alternatif osilator yapisi da relaksasyon osilatorlerdir. Bu
osilatorler, bir kapasitenin iki referans gerilimi seviyesi arasinda doldurup

bosaltilmasi1 prensibine gore calisir.

Bu tez calismasinda yukarida bahsedilen 4 farkli osilator yapisi 2.4 GHz osilasyon
frekansi olacak sekilde tasarlanmistir. Tiim tasarimlar 0.18um teknolojisinde ve 1.8
V besleme gerilimi ile yapilmistir. 2.4 GHz frekans bandi giiniimiizde oldukca
yaygin bir kullanim agina sahiptir. Bluetooth, Wi-Fi standartlar1 ve araba elektronik

sistemleri kullanim alanlarindan bazilaridir.

En iyi faz giiriiltii performansi-120 dBc/Hz (1 MHz ofset) ile LC osilatorden elde
edilmistir. Devrenin deger katsayisi diger yapilara gore yiiksek oldugu i¢in bu
beklenen bir sonugtur. Hem PMOS hem de NMOS transistorler kullanilarak simetrik
ve diferansiyel bir yapi olusturulmustur. Transistorlere kutuplama akimlari ise
NMOS akim aynasi tarafindan saglanmistir. Kullanilan diferansiyel endiiktans
sayesinde daha yiiksek Q degerlerine ulasiimis ve bu deger 8 olarak hesaplanmistir.
Diferansiyel endiiktans yapisinin frekans arttikca Q degeri iizerindeki iyilestirme

etkisinin daha da etkin oldugu gdsterilmistir.

Faz giirtiltiisii agisindan LC yapiya en yakin sonug -108.5 dBc/Hz ile relaksasyon
osilator yapist ile elde edilmistir. Ayrica bu yapinin 6nemli bir 6zelligi, aralarinda
90° faz farki ile dort farki isaret elde etmek igin uygulanan teknigin faz giirtiltiisiinii
diistirmesidir. LC yapilarda bu tam tersi seklinde olur ve faz giiriiltiisii yiikselir. Bu
iki farkl diferansiyel ¢ikis isaretleri arasindaki faz hatasinin da 0.5 derece gibi diisiik
oldugu da gosterilmistir. Bu tiir yapilar giiniimiiz yiiksek frekans haberlesme
sistemleri i¢cin Onemlidir. Ciinkii kullanilan carpici devre yapilarinda istenmeyen
banddaki isaretin bastirilmasi igin birbirinin kopyasi iki ¢arpict devresi kullanilir ve
tastyici isaret girislerine 90° faz farkiyla isaret uygulanir. Bu 90° faz farki iizerinde
hata, ¢arpicinin istenmeyen banddaki isareti bastirma oranini 6nemli dlgiide etkiler.

Bu agidan bu tiir yapilar i¢in faz hatasi kritiktir.
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Bir bagka yaygin olarak kullanilan ring osilator yapisi da 2.4 GHz osilasyon frekansi
icin tasarlanmistir. Bu yapinin da olumlu ve olumsuz yonleri ortaya konulmustur.
Genis frekans ayarlama araligi, tasarim ve entegrasyon kolayligi bu yapiyr One
cikaran Ozellikler olurken yliksek faz giriiltiisii (97 dBc/Hz), liretim ve ortam
sicakligi gibi degisken parametreler bagimliliginin yiiksek olmasi da zayif yonleri

olarak siralanabilir.

Ring osilator yapilarima alternatif olabilecek, islemsel gegis iletkenligi
kuvvetlendirici ile gergeklenmis, band geciren filtre karakteristige sahip osilator
yapisi da yine 2.4 GHz i¢in tasarlanmistir. Bu yapinin ise tiretim ve ortam sicakligi
gibi degisken parametrelere karsi duyarliligi daha az oldugu goriilmistiir. 1 MHz
ofset ile 95.8 dBc/Hz faz giiriiltiisii elde edilmistir. Islemsel gecis iletkenligi
kuvvetlendiricisinin parazitik kapasitesi azaltildigi taktirde bu devre yapisinin

performansinin iyilestirilebilecegi gosterilmistir.

Uygulama devresi olarak isecikislari arasinda 90° faz farki olacak sekilde
tasarlanmis relaksasyon osilator yapisi igin c¢arpict devresi tasarlanmistir. Bu
uygulama ile relaksasyon devresinin diizgiin bir sekilde c¢ikis isaretlerini tiretip
bunlarin carpict devrelerde tasiyict isaret olarak kullanilabilecegi gosterilmistir.
Ozellikle diisiik faz hatas: ile iiretilen ¢ikis isaretleri istenmeyen banddaki isareti 40
dB den fazla bastirma imkani saglamistir. Buna benzer RF uygulamalar icin

relaksasyon osilatoriiniin LC osilatorlere iyi bir alternatif olabilecegi gosterilmistir.

Sonu¢ boliimiinde bu farkli yapilardaki tasarimlarin karsilastirmasi tablo halinde
verilmistir. Birbirlerine gore avantajlar1 ve dezavantajlar1 ortaya konmustur. Buna
gore bir tasarimcinin, tasarlayacagi osilatdr devresinin hangi uygulamada
kullanilacagini bilip buna gore hangi parametrenin énemli oldugunu belirlemesi ve
buna uygun tasarim yapisini se¢cmesi en iyi performansin elde edilmesini

saglayacaktir.
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1. INTRODUCTION

1.1 Motivation

Certainly, the reason why the 21st century is called as communication age is
developments and advances in electronic technologies and industry. In our daily life,
we face computers, navigation, radar technology, microwave communication,
cellular infrastructure and automotive technologies that mean we are living with
electronic technology together. All these technologies need a common special

electronic block called oscillators.

Oscillator circuits generate electronic signals without any input. In other words, they
convert its DC power into a continuously repeating ac output signal. This output
signal is used for modulation and demodulation or manages the flow of data in

communication systems.

The downconversion and upconversion mechanism in communication systems is

shown in Figure 1.1.

DOWNCONVERSION UPCONVERSION
fie = [fio= fael fres = fio = fie
. 10 fre2 = fio + i L0
R @ IF
" ® ,,.--uRFI RF2
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Figure 1.1 : Downconversion and upconversion [1].



The local oscillator signal is also called as carrier in downconversion and
upconversion systems. The signal that includes information mixes with this carrier
signal and transmitted to air as high frequency signal. In receiver structure, the signal
from antenna should also be mixed with same carrier signal to obtain information.
Therefore, in wireless communication structure, these local oscillators have critical

roles.

Most important parameter in designing an oscillator is the oscillation frequency. The
oscillation frequency should be stable and controllable. This control mechanism is
also called as tuning range. To obtain the desired oscillation frequency over process
and temperature changes, the tuning range should be also wide about 15% - 20%.
Power consumption is also critical for oscillator. Very low power designs can be
required in power limited systems. Noise is another concern in oscillator structures.
It is usually defined as phase noise in these structures. The output power is another
design specification because very low amplitude signals aren’t sufficient for local

oscillators

Over the years, innovations in integrated circuit process technologies allow the
design voltage controlled oscillators as monolithic structures. Figure 1.2 shows the
evolution of VCO technology over the years.

A
VCO Technology
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< Tube Based VCOs >
- ] 1 l ] | | ] | 1 ] oy
< T 1 1 T T T T T T T >
\/ 1920 1930 1940 1920 1960 1970 1980 19%0 2000 2010
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Figure 1.2 : Evolution of VCO technologies [2].



Figure 1.2 shows that, the trend in VCO design is monolithic structures in recent
years. Therefore, high integration is more important for new VCO designs.

1.2 Purpose of Thesis

In RF front-end systems, the oscillator is an important block that determines
performance of receiver or transmitter. It is used for modulation in transmitter path

and for demodulation in receiver path.

There are different circuit structures to design voltage controlled oscillators. It
depends on the application; LC oscillators are widely used in RF communication
systems because of their best phase noise performance. However, LC oscillators have
higher die cost because on-chip inductor cost is higher for high quality factor. Also,
it is hard to model and design accurately. Therefore, other oscillator types like ring
oscillators can be also useful although its phase noise performance is worse. There
are also other RC oscillator topologies because ring oscillators have worse power
supply noise dependence and the frequency is limited by stage number. Oscillator
with passive RC bandpass filter is one of the alternatives to ring oscillators. Another
alternative oscillator structure without using inductor is the relaxation oscillator. It
can be very useful especially quadrature signals are required because its phase noise

performance can be improved with quadrature structure.

These four types of oscillators are analyzed and designed in this thesis. 0.18um
CMOS technology is used and 2.4 GHz is selected as oscillation frequency because
RF performance is important for new communication systems. The best overall
performance is obtained with relaxation oscillator without using on-chip inductor. It
can be alternative to LC oscillators especially for applications that required
quadrature signal. Therefore, quadrature up conversion mixer is designed as an
application for relaxation oscillator. It is used there as local oscillator. Satisfying

results are obtained with this application circuit.

Finally, an LC VCO is designed at 2.4 GHz oscillation frequency and three other
VCO structure is designed as an alternative to LC VCO without using on-chip
inductor. These four type VCO designs are compared with each other to show their
advantages and disadvantages. Same process and supply voltage is used for fair

comparison.



1.3 Organization of Thesis

This thesis is divided into 7 chapters. It is organized in an arrangement that reader
can have an intuition for voltage controlled oscillators in RF communication

systems.

The motivation and purpose of thesis is presented in Chapter 1 with organization of
thesis.

Chapter 2 starts an overview of negative —gn, oscillation theory. Different LC VCO
structures are introduced and one of them is designed. Finally, the design is

compared with other LC VCO designs.

Chapter 3 provides background information about ring oscillators and theoretical
analysis of phase noise in these structures. A ring oscillator for 2.4 GHz is designed

and its performance is showed at the end of this chapter.

Chapter 4 shows an alternative RC oscillator design using OTA. Firstly, there is
theoretical and design optimization for phase noise and power consumption is

introduced. Then, simulation results of design are showed with results.

Last design example with relaxation oscillator structure is introduced in Chapter 5.
After the phase noise analysis, the simulation results are shown to compare with

other structures.

In Chapter 6, an up conversion mixer is designed as an application. Quadrature
relaxation oscillator is used there as local oscillator. At the end of the chapter,

simulation results are shown and compared with other designs.

Chapter 7 summarizes the four different VCO designs and compares their

performance. Also conclusion of the thesis is presented in this chapter.



2. LC OSCILLATOR DESIGN

An oscillator can be modeled as a feedback system that is shown in Figure 2.1.

Vin _@ m Vout

Figure 2.1 : Oscillator feedback system.

The transfer function of this system can be expressed as;

\C)_ut (s) = H(s)
in 1+ H(s)

2.1)

For s= jo,H(jw) =-1where the close loop gain goes to infinity, the system causes
its own noise to grow and generates a periodical signal. H(jw)should be purely

imaginary to reach steady state. This process is shown in Figure 2.2 below.

v‘,&o—: x H(s) . ,\J; {\l H(s) N /'\/o_i H(s)
' _GE ? | h &
S J

Figure 2.2 : Process of oscillation in time [3].

Consequently, for steady state oscillations to occur at frequency o, two conditions

must be satisfied;



1. H(jw)=1, loop gain must be equal or greater than 1

2. /H(jw) =360, total phase shift around the loop must be 360°

The above conditions are commonly known as Barkhausen’s criteria. Negative

resistance concept is another way to describe this oscillator operation.

/

Figure 2.3 : Simple model of negative resistance LC oscillator [4].

A simple model of negative resistance LC oscillator can be seen in Figure 2.3(b). In
this figure, the active device is a simple transconductor amplifier that connected in
positive feedback to an LC tank circuit. It is conspicuous to show that the tank circuit

sees a negative resistance of -1/Gy looking back into the transconductor output.

It can be shown that if the Barkhausen’s criteria are satisfied, the negative resistance
will exactly cancel the equivalent parallel resistance of the tank circuit. In other
words, the total loss energy in the tank circuit should be compensated by the active

device. Otherwise, the circuit would simply behave as an underdamped system.
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Figure 2.4 : Cross coupled NFET’s [4].



Figure 2.4 shows that the input resistance seen looking the cross coupled NMOS
transistors is -2/Gy. Parallel resistance of the tank circuit should be greater than this
negative resistance to maintain sustained oscillation. Tranconductance and current

equations is shown in Equation (2.2).

C. (W
IDS = ,Unz = (TJ(VGS _Vth )2

6, = s
oV,

W
= :unCox (T\)(VGS _Vth ) (2.2)
onint

Another part of negative Gy oscillator is LC tank circuit. It is a resonator circuit with
a parallel combination of inductor and capacitance that is shown in Figure 2.5. The
main contributors of loss in tank are the series resistance of the passive devices. The
parasitic resistances can be converted to their parallel equivalent since RF oscillators

operate over a narrow band of frequencies.

Figure 2.5 : Conversion of series resistance of LC tank into parallel equivalent [5].

The parallel components in Figure 2.5 can be expressed as;

R, =R /R, =R Q. °Ry, (Q.>>1Q >>1) (2.3)



The quality factor of inductor is lower than the quality factor of capacitance even if
diode or MOS varactors are used. Therefore, the dominant term of R, is related to

inductor loss.

: w
v"O "',"“lj) 1 O\Vo

Figure 2.6 : Magnitude and phase spectrum of LC tank [5].

The magnitude and phase characteristics of an LC parallel network are shown in
Figure 2.6. The circuit behaves like a pure resistor at resonance frequency. The

resonance frequency can be expressed as;

@ =YJLC 2.4)
Finally, it is shown in Figure 2.7 that negative gn and resonator together form an
oscillator.
ch:ive Z—.
Active J = L

Negat:
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Generator —
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Figure 2.7 : One-port view of LC oscillator [5].



2.1 Cross-Coupled LC Oscillators

In a cross-coupled topology, the transistor pair behaves like an active negative
resistance. This negative resistance is chosen at least two times greater than the
parallel loss to guarantee oscillation start-up. This topology is very useful because it
IS simple to design and has differential structure. The NMOS and PMOS
implementation of this topology is shown in Figure 2.8.

|
=

Vdd Vdd
L/2 L2

Figure 2.8 : a) Cross-coupled NMOS structure b) Cross-coupled PMOS structure
[4].

In Figure 2.8 (a), the negative resistance of transistors is directly related to supply
voltage. Therefore, the oscillation amplitude and phase noise also depend on supply
voltage. This isn’t desirable for oscillators. Therefore, constant tail current source is

more useful in this topology.

2.1.1 NMOSonly LCVCO

NMOS cross-coupled oscillator structure that consists of two parts, LC tank and
negative resistance circuit is shown in Figure 2.9(a). The inductors are common
mode coupled to current source. The resonator of oscillator is designed to cover
designed frequency band. NMOS structure has higher transconductance with respect
to PMOS structure thanks to higher electron mobility. This provides to decrease

negative resistance more easily in same power conditions.
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Figure 2.9 : (a) NMOS only -Gy oscillator (b) PMOS only -Gy, oscillator [4].

2.1.2 PMOSonly LCVCO

PMOS core differential LC oscillator structure is shown in Figure 2.9(b). The PMOS
transistor has lower mobility with respect to NMOS. Therefore, the transistor sizes
should be larger that means more parasitic capacitance and less tuning range. On the
other hand, the advantage of PMOS devices is lower flicker noise. A PMOS
transistor has about 10 times lower flicker noise than NMOS counterpart.

2.1.3 Complementary LC VCO

In this structure, the negative resistance is made by both NMOS cross-coupled pair
and PMOS cross-coupled pair that shown in Figure 2.10. The total transconductance
Is increased that results in lower negative resistance for same power conditions.
Therefore, this structure provides better phase noise performance with same power
consumption. Equation (2.5) shows the equivalent resistance.

-2

R =—— —
TG 4G (2.5)

Mn Mp
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Another advantage of this topology is that it is fully differential that enables the
implementation of differential inductance. Higher quality inductance can be obtained

with differential structure.

Vdd
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(a) (b)
Figure 2.10 : (a) CMOS -Gy oscillator. (b) Equivalent tank circuit model [4].

The disadvantage of this structure is larger parasitic capacitance that comes from
both NMOS and PMOS devices and higher parasitic capacitance means lower tuning

range.

2.2 LC Oscillator Phase Noise

The most critical parameter of RF oscillators is frequency stability. An ideal
oscillator would have an output frequency spectrum that consists of unit impulse
centered at oscillation frequency and harmonics shown in Figure 2.11 (a). However,
the real case looks like in Figure 2.11(b). In real case, there are also other frequency
components near the desired signal. The power of these spurs decreases with related

distance to desired signal frequency.
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Figure 2.11 : (a) Ideal oscillator spectrum. (b) Practical oscillator spectrum [6].

The phase noise can be defined as undesirable power distribution around desired
oscillation frequency. In the time domain, phase noise is also referred to as timing

jitter. Mathematical definition of phase noise is also shown below.

(2.6)

N .A 2 er v...f -+ ..a."‘ i : i
L{Aw} = 10log < oise power at (wp + Aw) in 1 Hz Bandw 1drh>

carrier power

®

) pil i
0 1 Hz

Figure 2.12 : Phase noise in oscillator output spectrum [4].

Figure 2.12 shows the phase noise in oscillators. The unit is decibels below the
carrier per Hertz (dBc/Hz).

In the time domain, the output signal of the sinwave oscillator can be expressed as;
V. (1) = Asin(a,t + 6) (2.7)

However, oscillators implemented with real devices produce their own noise. This

noise affects both output signal amplitude and phase. Therefore, the real case is
expressed in Equation (2.8).

12



V., (t) = Att)sin(agt +6(t) (2.8)

Since A(t) and 6 (t) are now functions of time, the frequency spectrum of V; will
contain noise sidebands near the oscillation frequency. In many RF systems, the
output of the oscillator is limited with limiting amplifier before the LO port of mixer.

Therefore, only phase noise is usually considered.

2.2.1 Effect of phase noise on transceiver and transmitter architectures

In a front-end part of transceiver, IF signal is down converted by LO signal without
change in shape. However, phase noise skirts of the LO is modulated onto the
stronger signal at IF, thereby reducing the signal-to-noise ratio (SNR) of the desired
signal at IF frequency. It is shown in Figure 2.13.

Interference Interference

Channel I
Channel
T T - ® }
» —> R
T LO

Figure 2.13 : Reciprocal mixing due to phase noise [6].

This phenomenon is usually called as reciprocal mixing and it is also related with
how close together channels can be placed. Similarly in transmitter, a strong
interferer modulated by LO and its skirts extend over the desired signal in the

receiver part. The effect of phase noise in transmitters is shown in Figure 2.14.

Nearby
,Transmitter

Wanted

®, W,

Figure 2.14 : Effect of phase noise in transmitter [5].
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Finally, phase noise results in unwanted energy being transmitted outside of the

desired band.

2.2.2 Leeson’s phase noise model

The intrinsic noise sources in negative Gy oscillators can be put in two categories as
the noise of resonator and the noise of active circuit. The noise from loss of the
passive elements in first category and thermal, flicker noise of active devices is in the

second category.

The one port view of negative Gy oscillators is shown in Figure 2.15.

s ACTIVE

R .
tk L — C CIRCUIT

RESONATOR
Figure 2.15 : Oscillator with losses in the LC tank [6].

Assuming noise contribution is only by Ry with thermal white noise, the mean

square value of the noise voltage is expressed in Equation (2.9).

V2 =i2[z,[" (2.9)

Zy is the actual tank impedance. The noise current and tank impedance can be

expressed as Equation (2.10) and finally mean square noise voltage can be obtained.

Z(@ﬁAco)szLz&&
2(Awl w,) 2 QAw
= AKT Af
ir=
Ry
2 o 2
— =KT 0 2.10
() -

It can be seen from the noise spectral density equation that, both the amplitude and

phase noise is inversely proportional to quality factor. Due to the compression and

14



limiting behavior of circuit, only the phase noise has to be taken into account.
Finally, the common phase noise expression is shown in Equation (2.11).

> 2
o010 £ |-soig 25T e

02

sig

Ratio of this noise to the carrier power is more important. Therefore, phase noise is
usually expressed as dBc/Hz at specified offset frequency.

Equation (2.11) shows that, phase noise is related with quality factor, signal power
and frequency offset. However, that formula doesn’t include the active negative
resistance block. In reality, there are some other effects such as flicker noise of

transistors, noise of the bias transistors, switching noise of cross coupled transistors.

In real phase noise characteristic, the phase noise degrades -30dB/decade at low
offset frequencies. Then, for a wide range the slope is fixed to -20dB/decade. In very

high frequency offset, the noise slope is flattening.

The real phase noise characteristic of a negative Gy oscillator is shown in Figure
2.16.

-!-:l_\l...{:'

Noise Floor

== wl_zl

Figure 2.16 : Phase noise spectrum of a practical oscillator [6].

In the late sixties, Leeson proposed a new noise formulation that show in Equation

(2.12) to get more accurate results [4].
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In Equation (2.12), the last term express the low frequency region and the F factor is
empirically determined parameter, k is Boltzman’s constant, T is the absolute

temperature, Psq is the average power dissipated in the resonator, Q is the loaded
quality factor of the resonator.

Finally, the noise analyses of oscillator shows that, phase noise is inversely
proportional to second order of quality factor and average power dissipated in tank
circuit. Therefore, designing high Q IC inductors and higher oscillation voltage
amplitude provide lower phase noise. Usually, the total power is limited by the given
specifications. This makes more important to have higher Q value to obtain lower

phase noise.

2.3 IC Inductors
This chapter gives information about used inductors in RF IC design.

2.3.1 Bond wire inductors

It is the wire between die and package paddle. The inductance of this wire is about 1
nH/mm. Their loss is very small therefore high Q inductors can be obtained. Double
bond wire can be used between die pad and package to reduce inductance and loss.
The disadvantage of bond wire inductors is that their value is sensitive. A bond wire

example is shown in Figure 2.17.

Bond Wire Inductor

Figure 2.17 : Bond wire inductance [5].
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2.3.2 On-chip inductors

Although they have lower quality factor, the most used inductors in RF IC design is
on-chip inductors because they can be modeled and designed more accurately. Their

main drawback is they take up much space in die and that means higher chip cost.

Most used inductor geometries are shown in Figure 2.18.
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N

Figure 2.18 : a) Circular spiral. b) Octagonal spiral. ¢) Square spiral [4].

Optimum structure for minimum area and loss is circular spiral geometry. However,
some foundries don’t provide it because of harder manufacture process. Sometimes

differential structures are also preferred to obtain higher Q.

2.3.2.1 Modeling of on chip inductors

The narrow band model is usually used because of its easy calculation. Figure 2.19

shows the typical lumped model of on-chip inductors.

Cox ¥
Csub % Rsub Csub % Rsub

Figure 2.19 : Lumped model of square spiral inductor [4].
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In Figure 2.19, L is the series inductor, R is the series resistance, Cox is the oxide
capacitance, Csyg is the substrate capacitance and Rsyg is the resistance of substrate.

The physical model can be translated to narrowband model using Equation (2.13).

Cs

(a) (b)

Figure 2.20 : (a) Physical model of IC inductor. (b) Equivalent narrow band model.

Resistance and capacitance values in Figure 2.20 are shown in Equation (2.13).

pl

2 2
=1+(a) Ri - (Ci +Co)) z(1+&j Ry

- w’- Rsi : (Csi +Cox) Cox
C.+w-R.-(C.+C_)-C.-C C.-C
Cpl :sz _ ox @ si ( si ox) 52| X si " “ox (213)
1+(a)' Rsi ’ (Csi +Cox)) Csi +Cox

We can express conductance loss of inductor as in Equation (2.14) after connecting

one port to ground.

1
= s + —
9, oLy R, (2.14)

If the inductor is driven differentially, conductance loss is decrease. Equation (2.15)

shows conductance loss when inductor is differentially driven.

R 1

= S +
s (@L)> R, +R,

(2.15)

Therefore, the quality factor is higher when the inductor is driven differentially.
Equation (2.16) shows the relation between conductance loss and quality factor.
1

Q:g-mL (2.16)
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2.3.2.2 Simulation of on chip inductor

Chip inductor modeling equations are useful only for narrow band and some

magnetic effects are ignored such as eddy currents, to simplify equations. Therefore,

some high modeling software should be used to get more reliable results when

designing IC inductors. Figure 2.21 shows a square inductor that is designed in

SONNET. The used metal width is 6um and edge to edge distance is 150 pm.

Figure 2.21: IC inductor designed in SONNET.

Figure 2.22 shows the simulation results of this inductor. It is about 5.3 nH inductor

with about 9 ohm series loss.

real(Z(1,1))

m2

m2
freq=2.400GHz
Q=6.307

B Q=-imag(Y(1,1))/real(Y(1,1))
M L=-1/(2*pi*freq*imag(Y(1,1)))

1000

freq, GHz

800—

600—

400—{

200

m1
freq=500.0MHz
real(Z(1,1))=9.168

] m3
B freq=2.400GHz
3E-8] L=5.393E-9

freq, GHz

freq, GHz

Figure 2.22 : Simulation results of IC inductor.

It can be seen from Figure 2.22 that, the Q value of this IC inductor is above 6 from 2

GHz to 4GHz frequency range.
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Equation (2.15) shows that, the Q value is higher when driving inductor
differentially. It is also simulated with differential structure and the simulation results

are shown in Figure 2.23 compared to single ended version.
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Figure 2.23 : Comparison single ended and differentially driven IC inductor.

It can be seen from Figure 2.23 that, differentially plot reduce the series resistance
and provide higher Q value especially at higher frequencies. The maximum Q value
is about 10 for 6 GHz.

2.4 MOS Varactor

In CMOS RF voltage controlled oscillators, MOS varactors are widely used to tune
oscillation frequency. In this structure, the total capacitance can be changed by
voltage across the MOS varactor. Although the quality factor of oscillator is
determined by inductor, the design of MOS varactor is also critical. If the varactor

isn’t carefully designed, it can also increase the phase noise with its series resistance.

The MOS capacitor is also like parallel plate capacitors. One plate is the gate of the
transistor and another plate is the channel between drain and source. The capacitance
of this structure behaves differently with related to DC voltage of the gate. This
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behavior can be distributed as accumulation, depletion and inversion mode. Figure
2.24 shows the cross section and the corresponding C-V graph for each behavior.
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Figure 2.24 : (a) D=S=B structure. (b) D=S=B C-V curve. (¢) Accumulation mode.
(d) Accumulation mode C-V curve. (e) Inversion mode. (f) Inversion

mode C-V curve[4].

The maximum capacitance value is related to Cox in inversion and accumulation

mode. Equation (2.17) shows this relation.
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tox IS the gate oxide thickness.

D=S=B mode varactor works in two different regions that are accumulation and

inversion. Figure 2.25 shows the simulation result of D=S=B varactor.

114

Capacitance (pF)

4.0 2.0 0.0 20

Vtune (V)

Figure 2.25 : D=S=B varactor schematic and simulation results.

In Figure 2.25 drain, source and bulk of PMOS is connected together and DC voltage
is applied. 1V AC signal is applied to gate and total capacitance is calculated as
C=ig/(2xnf). For Vg > Vg, PMOS transistor is in accumulation mode and electron
density increases in channel. For Vg < V-V transistor is in inversion mode. The
total maximum capacitance value is equal to C,=W*L*C,,. It is about 1pF for this

simulation.

Between accumulation and inversion mode, the channel carrier density is changed
and capacitance value also changes. However, this non monolithic behavior isn’t

useful for voltage controlled oscillators.

If the bulk of transistor is connected to Vpp, the transistor works in only inversion

mode. The simulation result for this connection is shown in Figure 2.26.
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Figure 2.26: Inversion mode MOS varactor.

Difference of the Cmax and Cp,in Of varactor is also determining the tuning range of
VCO. Cunax/Cnmin ratio is proportional to channel length. However, increasing the
channel length also decreases the quality factor. Channel length of MOS transistor in
varactor can affect the phase noise. Therefore, these effects can be considered in

design.

2.5 LC VCO Design

The theory of the -Gy oscillators is discussed before. As a starting point of the
design, some basic formulas are used. Usually, VCO’s are designed for minimum
phase noise under the constraints of power dissipation, tuning range, output voltage
swing and production cost.

The most critical parts of LC VCO are inductor and capacitance. Oscillation
frequency is 2.4 GHz for this design. Therefore, these passive component values
should be chosen to satisfy oscillation frequency. The capacitance value is also

determining the tuning range because lower capacitance means low tuning range.

The inductor and capacitance values can be chosen 4nH and 1 pF initially, that looks
logical values to implement IC design [4].The complementary structure is chosen
because of its lower phase noise performance with same power dissipation. The

simple schematic of design is shown in Figure 2.27.

23



DD

_Er——i

Figure 2.27 : Simple schematic of complementary LC VCO.

R is the equivalent shunt resistance of the tank circuit. Another important parameter
is the DC current. The upper current limit can be determined with maximum power

dissipation specification.

IV

supply

l.. =P

demax (2.18)

bias
It is desired that maximum power consumption should be 10 mW with 1.8V Vpp.

From the Equation (2.18), the maximum bias current should be around 5 mA.

Next step of the design is determining the quality factor of inductor for desired
oscillation frequency. It is mentioned before that quality factor of inductor is
important to improve phase noise performance. High quality factor is required for
better phase noise performance. Differential structure is used to obtain lower series

resistance and phase noise.

Simulation result of quality factor is shown in Figure 2.28 with 150pum x 150um size
inductor. Increasing the inductor size results in increasing quality factor, but it means

higher fabrication cost because of wider layout area.
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Figure 2.28 : Quality factor simulation of 4.7 nH inductor.
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It can be seen that for 2.4 GHz, the quality factor of inductor is about 8. The series

loss of inductor is shown in Figure 2.29 and can be expressed as in Equation (2.19).

R series (ohm)

w,L
series Q (2.19)
L
80.0
70.0 //
60.0
50.0
40.0 /
30.0 /
| MO(2.435GHz, 8.961V)| /
= I I//
10.0 _'_—_._________. ’___’__—"'-’-
o |
0 2.0 4.0 6.0 8.0 10
Frequency (GHz)

Figure 2.29 : Series resistance of inductor.
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Figure 2.29 shows that the series resistance of inductor is about 9 Q in desired

frequency band.

Another important parameter of VCO design is the output voltage swing. High
voltage swing is usually desired to reduce phase noise. Equation (2.20) shows the

output voltage swing relation with inductor.
Vtank = Ibiasa)o LQL (2-20)

From Equation (2.20), about 1.7 V voltage swing is expected at the output node. The
oscillation frequency can be calculated roughly with expression below. It is more
complex for high frequency operations.

2
1— R seriesC (221)

1
-~ JLC L

2

Using 4.7 nH inductance with about 9 ohm series resistance and 1 pF capacitance,
oscillation frequency is calculated as about 2.32 GHz. This is a rough calculation but

shows that the design is near to desired oscillation frequency.

Next step of design is determining dimensions of MOS transistors. The desired gn
value indicates the width of the transistors. Equation (2.22) shows the minimum gn,
value to obtain stable oscillation at desired frequency.

gm 2 RseriesC (222)

L

From Equation (2.22), minimum g, value is determined as 1.9 mS. However; some
points such as process corner, temperature can be considered and should add a safety
factor to g, minimum value. Finally, desired gn, value should be minimum 4 mS for
safety and stable oscillation. PMOS and NMOS transistors should have same gm

value to provide symmetric sinusoidal signal at the output.

A basic level 1 MOS model gives the transconductance as;

Ol s
Vg

w

Ou = = :unCox [TJ(VGS _Vth) (2.23)
Qpoint
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(2.24)

2
Cyo = = CoWLypares Coo = CoW

gs 3 0X channel !

In Equation (2.23) and (2.24),

Lchannet = minimum channel length.

V= threshold voltage.

A = channel length modulation factor.

Cox = tox/€ox ; tox = gate oxide thickness.

Cop = gate to drain capacitance per unit gate width.

For today technology in CMOS processes, Vs is selected about 0.4 — 0.5 V higher
than threshold voltage. If Vg — V¢ is too high, gn is degraded due to effects such as
mobility degradation and velocity saturation effects for channel carriers. If it is too
small, the transistor width should be too large that means higher parasitic and wasted
area. The transistor width should be determined after some iteration because of

secondary effects. Gy, and transistor width equations are shown in Equation (2.25).

__ Onlama
/unCox (Vgs _Vt)
(2.25)

1 + Rseries (C + Cgs + 4ng)

gm:a L

S

Finally, the design can be simulated and optimization should be done to reduce phase

noise at desired frequency. To reduce phase noise;

e Make Q as high as possible
o Make lpiss as large as is design for power dissipation.
e Use minimum g, of MOSFET to satisfy stable oscillation with safety factor.

e Use minimum length that process allows.

Figure 2.30 shows the transient response of the designed circuit
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Figure 2.30 : Transient response of LC VCO.

Figure 2.30 shows the output signal and differential voltage swing is 3.5 V at about

2.42 GHz oscillation frequency. The phase noise performance is also shown in

Figure 2.31.
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Figure 2.31 : Phase noise performance of LC VCO without varactor.
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These results are obtained without varactor. The center frequency is determined and
about 0.9 pF capacitance is required for center frequency. For varactor design,
PMOS transistors are used in inversion mode.

Designed varactor schematic and its capacitance value with related to Vy,ne Voltage is

shown in Figure 2.32 below.

Varactor Capacitance (pF)

10 125 15 175 20

Vtune (V)

Figure 2.32 : Varacator capacitance versus \Vtune.

The length of transistors is chosen as 180nm since it is the minimum length in 0.18p

process. Figure 2.33 shows phase noise comparison of ideal and designed varactor.
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Figure 2.33 : Phase noise comparison with ideal capacitance and varactor.
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It looks like loss of the varactor cause about 1 dBc/Hz increase on phase noise @ 1
MHz offset. Figure 2.34 shows the tuning range of VCO.
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Figure 2.34 : Frequency tuning range of VCO.

From Figure 2.34, tuning range is about 500 MHz that correspond about 20% tuning
range. The Kyco is also calculated as 430 MHz/V. The phase noise versus tuning

voltage plot is also shown in Figure 2.35.
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Figure 2.35 : Phase noise versus Vine @ 1 MHz offset.
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The phase noise with 1 MHz offset changes 4 dBc/Hz from minimum to maximum

oscillation frequency.

The oscillator works in two different regimes, current limited and voltage limited.
For low bias currents, it works in current limited regime and increasing the bias
current results in increased output voltage swing. However, the tank voltage will be
clipped at Vpp by the PMOS transistors. Therefore, after that point, increasing bias
current cannot change the voltage amplitude. That region is called voltage limited.
Phase noise is improved by increasing bias current until the voltage limited region.
Figure 2.36 shows the phase noise change related to bias current.
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Figure 2.36 : Phase noise with 1MHz offset versus bias current.

Figure 2.36 shows the voltage and current limited regions. It can be seen that, more
than about 5 mA bias current is waste of power for this oscillator. The phase noise
saturates near 4 mA bias current but it can be chosen a little higher because of

temperature and process variations.

The phase noise simulation over temperature is shown in Figure 2.37.
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Periodic Moise Response
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Figure 2.37 : Phase noise over temperature.

It can be seen from Figure 2.37 that, temperature sensitivity is higher in low
frequency offsets that corresponds to flicker noise region. Temperature stability of

oscillation frequency is shown in Figure 2.38.
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Figure 2.38 : Oscillation frequency over temperature.
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The frequency change from -40 °C to 85 °C is about 100 MHz for 2.42 GHz

oscillation frequency.

Process dependency of circuit is also shown in Figure 2.39 and Figure 2.40.
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Figure 2.39 : Process corner simulation of phase noise.

Figure 2.39 shows that from -3 sigma to 3 sigma, phase noise changes about 0.7

dBc/Hz. Frequency variation over process is shown in Figure 2.40.
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Figure 2.40 : Process corner simulation of oscillation frequency.
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Figure 2.40 shows that about 50 MHz frequency variation can occur with respect to

process variations.

The dimensions for PMOS transistors are 75um/ 180nm and for NMOS transistors

are 25 um/180nm. The current mirror NMOS transistors are 500 um/1um. Current

mirror ratio is about 10 there.

Overall performance of designed LC VVCO is summarized in Table 2.1 below.

Table 2-1: Overall performance of designed LC VCO

This Thesis (@) (8) 9)
VCC 1.8V 3.3V 1.8V 15V
Power Consumption 9 mwW 29.7 mW 1.8 mwW 10 mW
Oscillation
2.4 GHz 2.7 GHz 2.2 GHz 1.8 GHz
Frequency
21GHz-26 433 MHz 1.94GHz-255 1.14 GHz-2.46
Tuning Range
GHz (20%) (18%) GHz (55%) GHz (73%)
Kveco 430 MHz/V - 150 MHz/V 270 MHz/V
Phase Noise @ 100 -98.9
-93 dBc /Hz - -
kHz offset dBc/Hz
Phase Noise @ 1
-120 dBc/Hz TBD -116 dBc/ Hz -126.5 dBc/Hz
MHz offset
Technology 0.18 um 0.35 um 0.25 um 0.18 um

Table 2.1 shows the overall performance of designed LC VCO. It looks that designed

circuit has almost similar performance with other designs in literature.
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3. RING OSCILLATOR DESIGN

Ring oscillators are composed of a number of inverter-delay cells connected to each

other and output of the last stage is connected to input of the first stage. The structure

can be single ended or differential. However, in single ended structure, the number of

the stages should be odd. Figure 3.1 shows the single ended and differential

structures ring oscillator structures.

(b)

Figure 3.1 : (a) Single ended ring oscillator. (b) Differential ring oscillator [3].

Although, ring oscillator has worse phase noise performance compared to LC VCO,

ring oscillators are widely used in RF integrated circuits because of their advantages

that are sorted below.

Easy design with today’s integrated technology.

Allows low voltage design and low power consumption.
High frequency operation with lower power consumption.
High electrically tuning range.

Multiphase output.

Figure 3.2 shows the three stage ring oscillator with basic transistor level

implementation.
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Figure 3.2 : Three stage ring oscillator [3].

The Barkhausen’s criteria’s are also valid for ring oscillators. Therefore, there is a
minimum voltage gain per stage to start oscillation. The total loop gain of three

stages can be expressed as Equation (3.1).

H(s):——pg 3 a1
(1+Sj 3
2

The total phase shift should be 180°, therefore in three stages case, 60° phase shift

should be satisfied to oscillate.

tan % =60° = o, =30, (32)
0

The loop gain of the oscillator should be one at desired oscillation frequency.
Therefore, from Equation (3.1) and (3.2), the minimum gain for each stage is

obtained as;

A a2

{ [ O } (3.3)
@y

As a result, three stage ring oscillator needs two voltage gain per stage to oscillate at

Jéwo frequency where o is 3 dB bandwidth of each stage.

The waveforms between the stages are shown in Figure 3.3.
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Figure 3.3 : Waveforms in three stage ring oscillator [3].

In Figure 3.3, it can be seen that 60° phase shift obtained from each stage. Increasing

stage number result in lower minimum gain for each stage but also lower oscillation
frequency.
In Figure 3.4, simple CMOS inverter stage is shown with its input and output

waveform.

Vin

Vour

t 4

PHL PrH

(a) (b)
Figure 3.4 : (a) Single ended inverter stage. (b) Input and output waveform [11].

The oscillation frequency of N stages ring oscillator can be expressed as;

1

= 34
osc ONT (3.4)

f

The gates to source capacitances are assumed equal for the PMOS and NMOS
transistors. Therefore, delay of each cell is calculated in Equation (3.5).

g p VoG
C

L ctrl

Vv

0osc

(3.5)
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In Equation (3.5), Vosc is the oscillation amplitude. Substituting Equation (3.5) into
(3.4) will give;

I ctrl

f o=—o@
" 2NV, C,

0sc

(3.6)

Equation (3.6) shows that, oscillation frequency of ring oscillator is related to
current, number of stages, load capacitance and oscillation amplitude. For a given
process and number of stages, the oscillation frequency can be controlled by I¢y to

provide desired tuning range.

3.1 Analysis of Phase Noise in Ring Oscillators

The phase noise of ring oscillators comes from both intrinsic and extrinsic noise
sources. These are up and down converted around of desired oscillation frequency.
Intrinsic noise sources include thermal and flicker noises that are operating point

depended. Extrinsic noise sources include supply, substrate and control noise.

The quality factor of the ring oscillator is described in reference [10] as;

EE -
2 dw dw

where A and ¢ are amplitude and phase of open loop transfer function and wo is

oscillation frequency. In Figure 3.5, a linear model of three stage ring oscillator is

shown.

Figure 3.5 : Linearized model of CMOS VCO [3].

The linear approximation allows first order noise analysis. R and C are the output
resistance and capacitances of each stage. Gyr is required gain for sustained
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oscillation. The noise is modeled as current sources named I,. Each stage should
provide 120° phase shift with unity gain. Using these conditions, an equation shown
in Equation (3.8), can be obtained between oscillation frequency and output resistor,

capacitor.
%:ﬁe R=2 (38)

Open loop transfer function is shown in Equation (3.9).
-8

3
(“ j*/gwj (3.9)
a)O

H(jo)=

From Equation (3.9), |[dA/de| =9/ 4, and|d¢/dw| =33/ 4w, . Therefore, Q for a

three stage ring oscillator is calculated from Equation (3.7) as 3\/5/4: 1.3. The

more detailed analysis is shown in reference [10].

Total noise power is shown in Equation (3.10) [10].

R( o
=8kT —| =~ .
[Vntot| 9 [ACOJ (3.10)

Equation (3.10) shows the trade-off between power and phase noise. Output
transconductance (G,) is inversely proportional to phase noise. To reduce the total
noise power by N, the power consumption scales up by factor N also for same

oscillation frequency and supply voltage.

Our analysis assumes ring oscillator as linear system. However, in real case most of
oscillators are non-linear systems and cause noise aliasing. In single ended ring
oscillators, active devices switch between ON and OFF conditions. The large swing
and fast transition improve the noise performance of these circuits for the following

reasons:

e Large signal level improves the signal to noise ratio.
e The devices don’t contribute output noise when they are turned off.

e The sharp transition time means less timing jitter caused by noise.
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e Device flicker noise is reduced by switching.

In single ended structures, the noise can be decreased with these reasons but it still
suffers from power supply and substrate noise. Especially, when high integration is
required, so many digital devices can cause high noises with substrate coupling.

Therefore, fully differential structures are widely used for low noise designs.

PMOS loaded basic differential delay cell is shown in Figure 3.6.

T
MO ljl Irj M4 M5

Vout- Vout

L |
" E wn?_i M2 M3 }—ovm-

M6 | ;q‘” ™

' =

Figure 3.6 : Differential inverter with PMOS load [12].

In differential structure, it is still required to be careful about supply and substrate
noises because delay stages have poor common mode rejection when they are in
unbalanced state. Also, input transistors suffer from substrate noise because of body

effect but this can be solved with using deep n-well devices at the input.

3.2 Design of Differential Ring Oscillator

In this section, 2.4 GHz ring oscillator is designed. First of all, differential structure

shown in Figure 3.6 is used and symmetric load is added to decrease phase noise.

In these frequency bands, usually three or four stage ring oscillators are preferred.
Four stage designs only have advantage to provide quadrature output signal.
Otherwise, three stage structure is more useful to reduce number of noise sources. It
is desired to have maximum current as 5 mA. Therefore, about 1.7 mA is used for

each stage. The overall schematic is shown in Figure 3.7.
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Figure 3.7 : Three stage differential ring oscillator.

Figure 3.7 shows three stage ring oscillator with its basic bias circuit. Output of the
each stage is connected to input of the next stage. Supply voltage of the circuit is 1.8

V. Total power consumption is about 9 mW.

Firstly, transient simulation is done for this ring oscillator structure. In simulation
world, it is required to add an initial condition on a node in the circuit. Otherwise, the
oscillation couldn’t start. The transient simulation result is shown in Figure 3.8. The

waveform shows differential output of the last stage.
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Figure 3.8 : Transient response of ring oscillator.

Figure 3.8 shows that the oscillation frequency is about 2.4 GHz. The common mode

node of M2 and M3 is important about phase noise performance. M1 transistor that is

41



used as a current source in Figure 3.6, should have high output resistance because
ringing on this node will cause modulation of current and decrease the performance.
Adding about 1.5 pF shunt capacitance to this node improves common mode

performance. Transient response of this node is shown in Figure 3.9.
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Figure 3.9 : Drain of M1 transistor with and without capacitance.

Phase noise of the circuit is shown in Figure 3.10.
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Figure 3.10 : Phase noise performance of ring oscillator.

Simulated phase noise is about -93 dBc/Hz for 1 MHz offset. This noise performance
can be improved with changing load structure. Symmetrical PMOS load will provide

lower phase noise and better performance to reduce supply sensitivity.
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The new schematic of the delay cell with symmetric load is shown in Figure 3.11.

Figure 3.11 : Delay cell with symmetric load [13].

In this structure, the impedance of loads is always equal although the voltages swing
change. Therefore, any supply noise becomes common-mode at the output because

of this impedance equality and it is rejected by the common-mode rejection of the
following delay cell.
Vs Vvoltage and I, current relationship is simulated for this design and shown in

Figure 3.12.

I (mA)

Figure 3.12 : Symmetrical load Vs — I, curve.

The curve looks like as expected in Figure 3.11. This linear behavior improves the
common mode rejection and provides better phase noise. The phase noise analyses

are done again for 2.4 GHz oscillation and compared with first case in Figure 3.13
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Figure 3.13 : Phase noise comparison, symmetrical load vs. classic PMOS load.

Figure 3.13 shows that about 4 dBc/Hz improvement is obtained for all offset range.

The phase noise improved to — 97.3 dBc/Hz for 1 MHz offset at 2.4 GHz oscillation

frequency.

Differential output voltage is shown in Figure 3.14.
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Figure 3.14 : Differential output of ring oscillator.
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About 2.3 Vpeak-to-peak differential voltage swing is obtained at the output. One of the
advantages of ring oscillator is wide tuning range. The tuning characteristic of

oscillator is shown in Figure 3.15.
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Figure 3.15 : Oscillation frequency versus control voltage.

In Figure 3.15, the ring oscillators can operate from 1400 MHz to 2600 MHz with
changing control voltage from 0.3 V to 0.9 V. Kyco of the oscillator is simulated as
2.3 GHz/V. This oscillator can be used for Cellular/3G, WiMAX/4G, Broadband
Wireless Access & ISM bands in RF systems.

The phase noise characteristics over different control voltages are shown in Figure
3.16.
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Figure 3.16 : Phase noise over different control voltages.
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In Figure 3.16, it can be seen that the phase noise variation at 1 MHz offset is about
2.5 dBc/Hz.

The process, temperature and supply variations are also important for oscillator
circuits. In this ring oscillator structure, high sensitivity to temperature and process

variations is expected.

Figure 3.17 shows the oscillation frequency over PVT. The X axis shows the ambient
temperature and dotted lines show slow and fast corners.
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Figure 3.17: Oscillation frequency over PVT.

Ring oscillators frequency stability over PVT is worse than LC oscillators.
Therefore, extra biasing circuits with bandgap should be used if the variations are

critical. The phase noise characteristic over PVT is shown in Figure 3.18.
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Figure 3.18 : Phase noise simulation over PVT.
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Figure 3.18 shows that worst case phase noise at LMHz offset is 95 dBc/Hz.

In differential delay cell, the dimensions for PMOS transistors are 24pm/ 800nm and

for NMOS transistors are 12 um/180nm. The current mirror NMQOS transistors are 80

um/640um.

The overall circuit performance is shown in Table 3.1.

Table 3-1: Overall performance of designed Ring VCO

This Thesis (14) (14) (15)
VCC 18V - - 1.8V
Power Consumption 9mw 10 mW 20 mW 16 mW
Oscillation Frequency 2.4 GHz 2.4 GHz 1.8 GHz 0.9 GHz
) 1.4GHz-2.6 2GHZ-28 14GHz- 0.4 GHz -
Tuning Range
GHz GHz 2.2 GHz 1.4 GHz
KVCO 2300 MHz/V - -
Phase Noise @ 600
-92 dBc /Hz - - -90 dBc/ Hz
kHz offset
Phase Noise @ 1 MHz
-97.3 dBc/Hz -95.2 dBc/Hz  -100 dBc/Hz -
offset
Technology 0.18 um 0.25 um 0.25 um 0.18 um

From Table 3-1, overall performance is satisfying. If the wide tuning range is

required, this ring oscillator looks very suitable structure.

47



48



4. RC BPF BASED OSCILLATOR DESIGN

In ring oscillator structures, more than one stage is required to obtain sufficient phase
shift for oscillation because low pass load is used there. If band pass load is used,
required phase shift can be obtained using only one stage. In this structure the
oscillation frequency is determined by BPF that is consisted of lumped resistor and
capacitor. In this structure, the oscillation frequency is less sensitive to power supply

noise.

Wien-bridge oscillator structure is an example that uses BPF load. It is shown in
Figure 4.1 (a).

BPF

ks

C R P+ @,
o
~

RIS e

(a) (b)

—

Figure 4.1 : (a) Wien-bridge oscillator. (b) BPF second order model [16].

In Wien-bridge oscillator structures, bandwidth of the used operational amplifier is
critical to determine RF performance of oscillator. Therefore, they can’t reach high

oscillation frequencies.

The BPF can be modeled as second order system that shown in Figure 4.1(b). The
center frequency is wg and quality factor is Q. The system has one zero at DC and
two poles. These poles cross with zero at center frequency. Nyquist and Bode plots

of the system are shown in Figure 4.2.

49



Magnitude vs Frequency

-10

10

Zeros: (0.0)
Poles: (-3.0 £ 1.5])

-80

1/10

1 10

Nyquist

Frequency (rad/s)

Phase vs Frequency

-180

-360
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Figure 4.2 : (a) BFP Nyquist plot. (b) BPF Bode plot.

changing center frequency of BPF.

differential structures are shown in Figure 4.3.
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The positive feedback with  loop gain pushes the poles from left-half plane to right-
half plane that provides oscillation. The oscillation frequency can be controlled by

In Figure 4.1(a), the voltage gain is provided by OPAMP. For low frequency
operation, the oscillation frequency can be expressed as 1/RC and oscillation
condition is A,>3. In this structure, the gain-bandwidth product of OPAMP
determines the maximum reachable frequency that is about 16.67% of GBP.

Therefore, Wien-bridge oscillators aren’t useful for high frequency oscillations.

An OTA can be used as gain block to operate higher frequencies because it has low

output impedance and can be implemented by simpler structures. Single ended and




On
L ik i e vﬂm v!'.\.f.
i Ly L
Cz
R1 Hg
é R1 T C' ; Rz V'.,-..ﬂ'

Lah k)
Figure 4.3 : (a) Single ended structure. (b) Differential OTA-RC oscillator [16].

The open loop transfer function of the band-pass filter is shown below.

1
V. c.’
H (S) — out — 1 4.1
@, ItCIC+RIR 1 (41)
RZCl RlclRZCZ

Transconductance of the OTA should be greater than minimum required gain to start
oscillation. The positive feedback of the structure provides at the RHP closed loop
poles that cause oscillation. Applying Barkhausen’s phase and gain criteria to

transfer function, oscillation frequency and oscillation condition is obtained as;

1 J1+CIC,+R, /R,

Wy = ——, G, 4.2
’ \l RiclRZCZ R2 ( )

The quality factor is also another important parameter that determines the phase

noise performance of the oscillator. It is expressed in Equation (4.3).

_JCIC)R,/R)

Q_1+c1/c:2+R2/R1

(4.3)

It can be seen from Equation (4.3) that, the maximum Q number can be 0.5 when
Ci1/C; and Ri/R; ratios go to infinity. This shows that, phase noise performance

cannot reach LC oscillators but it can be preferred to ring oscillators.

51



If the C; and R; values are chosen very high to reduce noise, very high
transconductance is also required as oscillation condition. If capacitors and resistors

values are chosen equal as C and R, the circuit parameters becomes as;
(4.4)

These formulations can be used as a start of desired oscillator design. However, the
parasitic capacitances of transistors should be also considered because it affects

oscillation frequency and transconductance.

4.1 Further Analysis of OTA-RC Oscillator

4.1.1 Noise analysis

The oscillator structure is further analyzed to determine optimum resistor and
capacitor values in this section. The reference [16] includes all these analysis more
detailed. Two different parameters are defined to provide constant oscillation
frequency. Equation (4.5) shows these parameters.
R

C
e

kR = F ' (4.5)

R 1
R, G,

The product of the resistors and capacitors are constant to fix oscillation frequency.

The circuit parameters can be expressed with kg and k.

2 2
a)ozi 0= KK m>1+kR +Kg

_ , > 4.6
1+kg? +k.’ J kiR (49)

The linearized model of the OTA-RC structure is shown in Figure 4.4.

W\‘\] | C out

. ¥ g o i
Via ‘ Om Vout
e
R1 C1T R2

Figure 4.4 : Linearized open-loop model of OTA-RC Oscillator [16].
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For the calculation of total noise at V1 node, current transfer function from Iy to Iy is
required because of R, noise contribution. This transfer function is expressed in
Equation (4.7).

= (1+k.?)* +kg k. (4.7

2 (jey)

out

There are two different resistors and an active device in linearized model. Therefore,
total noise power can be calculated with adding these three different noise sources.

Figure 4.5 shows the individual noise sources in linearized model.

\ V1 02
Vin —C O o——o0 o— Vou

Y AN

L&

2a® H® RiZ Cm RS (M,

Figure 4.5: Noise current sources in OTA-RC oscillator [16].

Total noise current is expressed in Equation (4.8).

ﬂ+4|<T79m +4R£((1+ ke?)? +kgke?) (4.8)

2

12 =
Ltotal —

Using Equation (4.6) and (4.8), input referred noise voltage is shown in Equation
(4.9).

| 2 2 2
intotal — 2l't0tal = 4k_|2-kR 2 (1+ kC2 + 7)(kR + 1+ kC
’ g A+kg"+k.) Kq

m,min

V2

) (4.9)

The noise power spectral density in linear oscillator systems is expressed as Equation
(4.10) [10].
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2
1l o

4Q° Go

‘%[j(wo +A®)]

in

)? (4.10)

Total output noise voltage can be calculated using Equation (4.10), (4.9) and (4.6).

2
Voeli@y + A0 =S5 @k )k, + 25

- )(A%)Z (4.11)
C R

Equation (4.11) is important expression to optimize phase noise and power
consumption of designed oscillator. Minimum transconductance and noise is

achieved under the condition that is shown in Equation (4.12).
ko2 =1+k. (4.12)

Using Equation (4.12), output noise and minimum required transconductance is

simplified as;

_ . KIR 2 2ke”
+A =——(1+k.2+ 2«f1+k2 —2)%, = ——
Ivout[J(a)o a))]| kc2 ( C 7)( C )(AC{)) gm,mm R 1+ kc2

(4.13)

Figure 4.6 shows the variation of these parameters with related to k¢,

i’ (@B Hz)
%65
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oD | N s o5 N e e T

a7
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AW = e

-100.5
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05

Figure 4.6 : (a) Total noise power. (b) Minimum required transconductance [16].

Figure 4.6 shows that choosing k¢ about between 1 and 1.5 is optimum for both noise

and power consumption.
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4.1.2 Band-pass filter analysis and effect of parasitics

Figure 4.7 shows the band-pass filter structure used in oscillator with parasitic

capacitance of used OTA.

AAAAAAAAAAAAAAAAAAA Parasitic capacitance
ol [FR S E Rt r N o R A R R A R R A O R O of Used OTA

Figure 4.7 : Band-pass filter structure with parasitic capacitance of OTA.

After the noise and power analysis, the capacitances are chosen 200fF and resistors
are chosen as 250Q and 500Q. Without any parasitic capacitance, the band-pass filter

characteristic is shown in Figure 4.8.

AC Response

13¢  _

Mg L \

0p.8 | / \

9.9 L

Magnitude (ohm)
\\\

560 |

g L

18.6

weM 16 1ee . Tgwc
freq ( Hz )

Figure 4.8 : BPF characteristic.
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Figure 4.8 shows that center frequency of BPF is settled about 2.4 GHz that
determine the oscillation frequency. However, there is also parasitic capacitance of

used OTA and Figure 4.9 shows the effect of this capacitance.

AC Response
139 _

Mg L \
0.0 _ / > \

0 | % %

Magnitude (ohm)
e
o

1 1 § IR TR S T - L 1 § IR T S - - 1 1 § IR TR -

190M 1G 196G 180G
freq ( Hz )

Figure 4.9 : Effect of OTA parasitic capacitance on BPF.

Figure 4.9 shows that, the parasitic capacitance of OTA decreases the oscillation
frequency. Therefore, capacitance and resistor values should be decreased and
optimized again in the oscillator circuit to obtain same oscillation frequency. It can
be seen from this effect that upper limit of oscillation frequency in this structure is
quite relevant with the technology because high speed technologies with lower length

of transistors can provide lower parasitic capacitance.

4.2 Design of OTA-RC oscillator

The BPF circuit shown in Figure 4.7 is used with fully differential OTA to

implement oscillator circuit. Designed structure is shown in Figure 4.10.
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Figure 4.10 : OTA-RC Oscillator fully differentially implementation [16].

MP and MN transistors are used to provide required gain for oscillation. Their bias
current is coming from tail current source (MB). The connection between C2 and R2

is also connected to input and this positive feedback causes oscillation.

Output differential transient response of the circuit is shown in Figure 4.11.

1.5 4
5 dx: 417.9402ps

* 9.978068ns 1.070504V, dy: 1,99263mV * 10,39601ns 1.072497V
5 4.767744MV /s

4
0.0 4

Differential Output (V)

T T T — T o
9.0 9.5 10.0 105 11.0 1.5
Time (nS)

Figure 4.11 : Differential output of OTA-RC oscillator.
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From Figure 4.11, it can be seen that oscillation period is about 417 ps that
corresponds 2.4 GHz. Output differential amplitude is around 2 V peak-to-peak. The
phase noise performance of circuit at 2.4 GHz oscillation frequency is shown in

Figure 4.12.

40.0

A 00B077MHZ 95.80214dBe/Hz

PN (dBc/Hz)

100.0 ]

10° 10° 1’ 10"

Relative Frequency (Hz)

Figure 4.12 : Phase noise performance of OTA-RC Oscillator.

Figure 4.12 shows that the phase noise is simulated as — 95.8 dBc/Hz atl MHz offset.
In this structure, tuning range can be controlled by both capacitor and resistor.
Therefore, fine and course tuning can be obtained easily using these components.

Figure 4.13 shows the 5 bit controlled variable resistor schematic.

res<@>

gnd

Figure 4.13 : 5 bit controlled variable resistor.
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The critical issue on this variable resistor is the roy resistance of switches. Therefore,
switch transistors should be selected large to provide less resistance that doesn’t

affect total resistance on path. Controlled resistor value with major bits (1, 2, 4, 6, 8,
16) is shown in Figure 4.14.

380.0
360.0
= J
£
B i
8 340.0
< -
8
2 ]
i i
a
g ]
320.0
300.0
280.0
S ——
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5

ctrl_bit
Figure 4.14 : Variable resistance.

Oscillator tuning range with varactor and variable resistor is shown in Figure 4.15

2.6

R1

280 ohm

Output Frequency (GHz)

i 300 ohm
2.3

320 ohm

340 ohm

360 ohm

22 4

T T T T T T T T T T T T T T T 1

.75 1.0 1.25 15 1.75 2.0

Vtune (V)

Figure 4.15 : OTA-RC Oscillator tuning frequency.
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The simulated Kyco is about 220 MHz/V. The tuning range can be extended using
different resistor values. Variation of the phase noise for tuning oscillation frequency

is shown in Figure 4.16.

40.0
__60.0
N
o
<
(]
T
=
& .80.0 81999.4151kHz -95,51164dRe/Hz
& dx; 857.998Hz
dy: 400.4639mdBe/Hz
-100.0 ¢ s 466.7424udBe/Hz/Hz
-120.0
r Btk o i i Sl ekl s
10° 10° 10° 10

Relative Frequency (Hz)

Figure 4.16 : Phase noise variation with related to Vtune.

The oscillation frequency changes from 2.6 GHz to 2.2 GHz and phase noise
variation is only 0.4 dBc/Hz in this interval. The frequency stability of the circuit

with related to process variation is shown in Figure 4.17.

2.6
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)
w

Output Frequency (GHz)
=
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-3 2 1 0 1 2 3
Process Corner (sigma)

Figure 4.17 : Oscillation frequency over process variation.
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The process variation for -3 and 3 sigma is unrealistic but it should be checked the
circuit still oscillate in these cases. The output frequency over temperature and

supply voltage is shown in Figure 4.18.

245 1 2475 4

2.425 245 1

~
o

2425

~
w
A

Output Frequency (GHz)

Output Frequency (GHz)

2.375
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w
@

2,325 1 235 1

23 2.325

T T T T T B T T EEmamsaes 1
50.0 -25.0 0.0 25.0 50.0 75.0 100 1.7 175 18 1.85 19
temp. (C) Ve (V)

(a) (b)

Figure 4.18 : (a) Oscillation frequency vs temp. (b) Oscillation frequency vs supply
The output frequency sensitivity of the circuit over supply, process and temperature
variations looks reasonable. Also tuning range covers all these variations.

Final dimensions for PMOS transistors are 30um/ 180nm and for NMOS transistors
are 15 um/180nm. The current mirror NMOS transistors are 1000 pm/2um. The

overall performance is summarized in Table 4-1.

Table 4-1: Overall performance of designed BPF VCO

This Thesis (16)
VCC 18V 1.3V
Power Consumption 5.4 mW 2.8 mW
Oscillation Frequency 2.4 GHz 2.4 GHz
Kvco 220 MHz/V 330 MHz / V
Phase Noise @ 1 MHz offset -95.8 dBc/Hz -95.4 dBc/Hz
Technology 0.18 um 0.13 um
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5. QUADRATURE RELAXATION VCO DESIGN

In today’s technology, many up and down converter structures need quadrature LO
signals because it is critical to suppress image band. Using two mixers and

quadrature LO signals, this image rejection can be obtained more than 40 dB..

There are some passive circuits like polyphase filter to produce quadrature signals.
These filters are hard to design because it is so sensitive to phase errors. Therefore,
post layout simulations are very critical. Divider circuits can be also used to produce
quadrature signals. However, it divides the frequency of the signal. That cannot be
useful for high frequency operations. Relaxation oscillator can also produce

quadrature signals with cross coupling two oscillators.

Relaxation oscillators can produce output signal with charging and discharging a
timing capacitor. The high level model of relaxation oscillator is shown in Figure
5.1.

Figure 5.1 : High level model of relaxation oscillator [17].

The Schmitt-trigger is used as memory block and it generates switch levels with
comparing integrator output to reference level. To implement the oscillator at very
high frequencies we need a circuit as simple as possible. The integrator is
implemented simply by a capacitor. Its input is the capacitor current (I) and the
output is the capacitor voltage (V) that IS shown in Figure 5.2.
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Figure 5.2 : (a) Basic integrator circuit implementation. (b) Integrator waveform

[18].

The output voltage of the capacitor (V) is the input of the Schmitt-trigger block. The
transfer characteristic of the Schmitt-trigger is shown is Figure 5.3. It is assumed that

when the sign of Vgg1 — Vg2 changes the switching occurs.

2 Sh
: ! io=i-1 B
‘ - 2RI 2RI
I > —>
Q 0. ' R
Ve

v i i I + ] frs = DI

—:—0 Y ‘V(- - o—9

‘ +

Figure 5.3: (a) Schmitt-trigger circuit implementation. (b) Schmitt-trigger transfer

characteristics [18].

The transistors are used as switches in Figure 5.3. The overall implementation of

circuit is shown in Figure 5.4.
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Figure 5.4 : Circuit implementation of relaxation oscillator [17].

In Figure 5.4, the reference signal is generated by bias current on resistors. The
integration constant of the circuit is 1/C. When the capacitance voltage crosses the
reference voltage level, capacitor current direction is changed by switches. This
implementation of relaxation oscillator is suitable for RF application because of

simple structure with low parasitic effects.
The oscillation amplitude is determined by resistance and current and it can be

expressed as 4IR from Figure 5.3. Oscillation frequency is shown in Equation (5.1).

P
® 2C(4RI) 8RC

(5.1)

This formula isn’t accurate for high frequencies. Oscillation frequency depends on

more parameters in high frequencies but it is still useful to start design.

5.1 Phase Noise Analysis of Single Relaxation Oscillator

The noise analysis in this section can be studied in more detail in reference [18].
Noise power spectral density function can be used to describe noise of relaxation
oscillator. It can be shown as S(x,), where X, is a noise variable that can be current or
voltage. A noise source X, with spectral density S(x,) at the input produces an output

noise y, with spectral density;
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2
S(yn) :‘H(S)s:jw‘ S(Xn) (52)
where H(s) is the transfer function of the system.

The oscillator output voltage can be expressed as Equation (5.3) in time domain.
V,, =V cos[a,t +6(t)] (5.3)

Vn is the oscillator amplitude and 6(t) contains the oscillator phase-noise. A carrier of
amplitude V,, modulated in phase by a sinusoidal signal of frequency f, can be

represented as

Af
V., =V, cos[(a,t) + f—psm(a)mt)] (5.4)

m

Afp is the peak frequency deviation. For f,<< f, the phase modulation results

infrequency components on each side of the carrier, with amplitude V,Afy/ 2fy:

V,,. =V, [cos(a,t) + % [cos(a, + @, )t —cos(w, — o, )t]]

m

(5.5)
Af
Voul s =Vn=2-C0s(a, +@,)
=Tot+Th 2 fm
Therefore, we can obtain spectral noise equation as;
2
Vm
S(Vout)lf:w =57 S(af) (5.6)

The spectral density of the phase-noise, L(fy), is defined as the ratio of the noise
power in a one Hz bandwidth at a distance f,, from the carrier relative to the carrier

power.
S(\/out)|f:f +f 1 ‘H(JW)Z‘
L(f,)= v =2fm23(Af0)= T S(x,) 5.7)
2 m

The noise model of relaxation oscillator is shown in Figure 5.5 below. Voltage and

current noise sources are shown together.
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Figure 5.5 : Relaxation oscillator with noise sources [18].

In Figure 5.5, noise sources i, and v, causes phase shift at oscillation frequency.
Equation (5.8) shows the phase noises of these current and voltage noise sources

using Equation (5.7).

JSG) foye gy M(%)Z (58)

L(f, )=
()= f 212

Equation (5.8) shows the inverse proportion between current and phase noise. The
current also determines output oscillation voltage swing that shown in Equation
(5.1). As a result, phase noise and oscillation amplitude is inversely proportional

each other.

The relaxation oscillator circuit with parasitic capacitances is redrawn in Figure 5.6.
Voo
q o
% I C -C
__.| 1 I 1 _l 4 I 2

M M
Iss(¥ IC“ Iss(¥ ICA

Figure 5.6 : Relaxation oscillator with parasitic capacitances [10].
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In Figure 5.6, the circuit looks like two stage ring with capacitive degeneration. The
quality factor is expressed as Equation (5.9) in reference [10].

2 _2q-C0) G
Q =4(1 CA) c (5.9)

A

The maximum value for quality factor is 1 under the condition that Ca=2C;=2C,.

5.2 Design of Single Relaxation Oscillator

The circuit is shown in Figure 5.4 is designed for 2.4 GHz oscillation frequency. The
transistor and passive element sizes are determined to optimize power consumption
and phase noise trade-off. The transistor dimensions are selected as 120pum/180nm.
The nominal varactor capacitance for 2.4 GHz oscillation is about 0.6 pF. The load
resistors are chosen as 120 Q. These resistors determine the output amplitude
therefore higher resistance means lower phase noise. 140Q resistors are used as
current sources at the sources of transistors. The total power consumption is 18 mW.
The output differential signal is shown in Figure 5.7.

B o167
 dpaszsiny. |
= 11159867MV/3,

Differential Output (V)

lS‘ 0 15‘ s 1(:!3 '.(: S
time (ns)

Figure 5.7 : Differential output signal of relaxation oscillator.

The oscillation period is simulated as 417 ps that correspond to about 2.4 GHz

oscillation frequency. Differential output signal amplitude is about 2.2 V. The most
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critical parameter is that the phase noise of this output signal. It is also simulated
with PSS and PNOISE to determine this parameter and the result is shown in Figure
5.8 below.

-20.0 A

40.0 o

*,1.007599MHz -104.0022dBc/Hz

PN (dBc/Hz)

-80.0 o
-100.0

-120.0

-140.0 -

10° 10* 10° 10° 10’
Relative Frequency (Hz)

Figure 5.8 : Phase noise performance of relaxation oscillator.

The simulated phase noise is about -104 dBc/Hz @ 1MHz offset. The tuning range
of the circuit is simulated with sweeping tuning voltage from 0 to 1.8V. The output

frequency variation is shown in Figure 5.9.

3.0 A

] £ 1519,73m 2.7475G
2.75 + -

Output Frequency (GHz)
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2,25

2.0 o

1.75 =

.....................
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0.0 5 1.0 15 2.0
Vtune (V)

Figure 5.9 : Tuning range of relaxation oscillator.

69



It can be seen from Figure 5.9 that about 850 MHz tuning range is obtained at 2.4
GHz center frequency (35%). Kyco is calculated as 950 MHz/V. The phase noise

variation with related to tuning voltage is shown in Figure 5.10.

-20.0 o

460 o

2992,9402kHz 103,574 3dRe/Hz

PN (dBc/Hz)

98.0 -

{87 |dx: 20,0551kHz
dy: 3.280121dBe/Hz
= 163,5555udBe/Hz/Hz,

-124.0 -

°)972.8851kHz -106.8545dBC/HZ

Relative Frequency (Hz)
Figure 5.10 : Phase noise of relaxation oscillator versus tuning voltage.
The phase noise variation for all tuning range is just 3 dBc/ Hz. Oscillation frequency
stability is also another important criterion for oscillators. Oscillation frequency

variation over PVT is shown in Figure 5.11.

2.7 9
26 4

25 A

Output Frequency (GHz)

2.3 4

22 4
r T T T T T T
-50.0 <25.0 0.0 25.0 50.0 75.0 100

temp. (C)

Figure 5.11: Oscillation frequency of relaxation oscillator over PVT.
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Figure 5.12 shows the Monte Carlo simulation result of oscillation frequency.

25.0 1
mu = 2.43187G
od = 116.012M

npass = 100
nfail = 0

20.0 4

15.0 4
10.0 4
s.0 1
A I i
Tr T T T T T
21 2.2 2.3 24 25 2.6

Number of Samples

0.0

2.7 2.8

Output Frequency (GHz)

Figure 5.12 : Monte Carlo mismatch simulation of relaxation oscillator.

The Monte Carlo analysis is done for this design to see mismatch effect of transistors
and resistors. Its standard deviation is 116 MHz around 2.43 GHz. Both process and
mismatch analysis shows that the oscillation condition is ensured for all conditions

and frequency changes are little than tuning range.

5.3 Phase Noise Analysis of Quadrature Relaxation Oscillator

The block diagram of this structure is shown in Figure 5.13 below.

Integrator Schmitt-trigger
1
(

4 \ /

Soft-limiter \

//_ |/

B

L 4]

Figure 5.13 : Block diagram of quadrature relaxation oscillator [20].

e
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The quadrature cross-coupled oscillator includes two oscillators that trigger each
other in a balanced mode. These two oscillators have same oscillation frequency and
Schmitt trigger outputs have 90° phase shift that provide quadrature output. In this
architecture, phase noise is less sensitive to switching speed with related to soft-

limiter gain.

The implementation of this structure should be as simple as possible for the high
frequency operation. Therefore, cross coupled transistors are used for Schmitt
trigger, capacitor for integrator and differential pairs for soft-limiters that sense the
capacitor voltage of one oscillator and conduct to other oscillator differentially. It is
shown in Figure 5.14.
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Figure 5.14 : Quadrature relaxation oscillator schematic [20].

The phase noise equation of this structure for high frequencies is very complex but it
can be shown that cross-coupled structures reduce the phase noise. Figure 5.15

shows the noise sources in this structure.
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Figure 5.15 : Relaxation oscillator with noise sources [20].

The parameters are explained below.

o Kseapy Voltage to Time Conversion Factor (Schmitt-trigger A or B)
o Kjapy Time to Voltage Conversion Factor (Integrator A or B)

e Viggy Integrator Output (A or B)

e ATapg; Oscillator (Schmitt-Trigger) Output (A or B)

e Vyag Noiseless Schmitt-Trigger Input (A or B)

e Gyap; Soft-Limiter Gain (A or B)

e 1apy TiMe constant in Cross-Coupling Path(A or B)

e Vyagy Input Noise Source (A or B)

Using Figure 5.15, the outputs ATagy caused by noise sources are obtained as in
Equation (5.10) and (5.11).

1
AT, = KoV, + K GV _
A KiAKiB(1+GAGB)( iBVnA nCeVis) (5.10)

AT, = L
K Kz (1+G,G;)

(KiaVis + KigGaVin) (5.11)

These equations show that increasing the coupling gain attenuates, due the feedback,

the effect of the noise sources v,a and vg.
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5.4 Design of Quadrature Relaxation Oscillator

The circuit in Figure 5.14 is designed to obtain quadrature output from relaxation
oscillator. Two single oscillators are copied from section 5.12 and Mg,_ transistors are
added to couple oscillators with each other. Mg, transistor dimensions are selected as
60um/180nm. 2 mA extra current is added from these paths. The transient
differential output signal is shown in Figure 5.16.

1.0 -+

A 16313275 1 01293 2mV J (°)16.72693n3 :9.1284TmV:
| \Em—

0.0 -

Differential Output (V)

1.0 4

1A ax; 413.661ps
dy: 1.16481mV.
5 2,81587MV/z

.....................................
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Figure 5.16 : Differential transient output signal of quadrature relaxation oscillator.

2.6V differential output swing is obtained with 2.4 GHz oscillation frequency. The

phase noise performance of the circuit is shown in Figure 5.17.
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Figure 5.17 : Phase noise performance of the quadrature relaxation oscillator.
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It can be seen from Figure 5.17 that, by using coupled structure about 4.5 dBc/Hz
phase noise improvement is obtained with -108.5 dBc/Hz phase noise at 1 MHz
offset. The frequency tuning range is also simulated with sweeping tuning voltage of
the varactor. The tuning range performance of the quadrature relaxation oscillator is

shown in Figure 5.18.
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Figure 5.18 : Tuning range of quadrature relaxation oscillator.

The linear tuning range is about 850 MHz with 1.3 GHz/V Kyco value. The
quadrature structure doesn’t affect the tuning performance of the single relaxation

oscillator. It has still about 35% tuning range with 2.4 GHz center frequency.

Another important parameter of the quadrature structure is the phase error of the
output quadrature signals. It is very critical to obtain quadrature signals with

minimum phase error to reject image band accurately.

Phase error performance of the quadrature relaxation oscillator is shown in Figure
5.19. Differential output signals are shown in Figure 5.19 and it is expected that
quarter period time difference should be between differential quadrature outputs

without any phase error.
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Figure 5.19 : Quadrature phase error of the relaxation oscillator.

The output phase error calculated from Figure 5.19 is about 0.5 degree at 2.4 GHz

oscillation frequency. This is satisfying result for double balanced transceiver

structures.

The phase noise variation with related to tuning voltage is shown in Figure 5.20

50.0 -

~ 2 A1011114MHz -106.7524dBc/Hz
<
S 750
o
)
—
=
o ]
-100.0
1 18] [dx: 20.8431KH3
dyi 4,115074dBe/Hz
| % 197.43060dBe/Hz/Hz
125.0
8 ) 1/03195 Mz -110,86750Rc/Hz
150.0 -
r T T T
10° 10 10° 1

Relative Frequency (Hz)

Figure 5.20 : Phase noise variation with tuning oscillation frequency.
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The phase noise variation is about 4 dBc/Hz in all linear tuning range (35%).

The output frequency stability is also important over PVT. The performance is

shown in Figure 5.21.
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Figure 5.21 : Oscillation frequency of quadrature relaxation oscillator over PVT.

The Monte Carlo Analysis is also shown in Figure 5.22.
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Figure 5.22: Output frequency Monte Carlo simulation of relaxation oscillator.
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The overall performance of design is shown in Table 3.1.

Table 3-1: Overall performance of designed relaxation VCO

This Thesis a7 (19) (20)
VCC 18V 13V 3V
Power Consumption 48 mw 1mw 1mw 23 mW
Oscillation Frequency 2.4 GHz 214 MHz 5 GHz 2.4 GHz
) 19GHz-28
Tuning Range - - -
GHz (35 %)
Kveco 1300 MHz/V - - -
) -108.5dBc/Hz @ -132.6 dBc/Hz -97 dBc/Hz  -104 dBc/Hz
Phase Noise
1MHz @ 10 MHz @ 1MHz @ 1MHz
Technology 0.18 um 0.13 um 0.18 um 0.35 um

Table 3-1 shows that the performance of the designed circuit is satisfying with

related to other designs in literature. Especially low phase error between quadrature

outputs is very suitable for quadrature applications.
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6. QUADRATURE UP CONVERSION MIXER APPLICATION

In this chapter, a quadrature Gilbert mixer is designed and relaxation oscillator is

used as local oscillator source. Figure 6.1 shows the quadrature mixer block diagram.

| Channel

Ll
®_

@/—‘ = E | e > RF Output
Quadrat.ure Limiting A

Relaxation Amplifier

Oscillator

Q Channel

Figure 6.1 : Quadrature mixer block diagram.

In Figure 6.1, output of the relaxation oscillator is connected to limiting amplifier.
This amplifier provides saturated signals for the mixer. This square wave signal
results in high speed switching for the mixer. Output of the mixers are summed up

using balun and matched to 50 Q after matching network.

The most common mixer structure is Gilbert mixer that is shown in Figure 6.2. This
double-balanced structure provides high isolation between ports. QM1 — QM4
transistors are used as the LO stage. The exponential current — voltage relationship of
BJT’s provides good switching performance. Q1 and Q2 transistors convert IF

voltage to current.
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Figure 6.2 : Mixer core.

Important design parameters of the mixer are shown below:

e Conversion Gain

e LO Feedthrough

¢ Sideband Rejection

e Noise Figure and Output Noise Power
o |IP3

e Return Loss

6.1 Simulation Results of Quadrature Relaxation Oscillator + Mixer

In this section, simulation results of quadrature mixer are shown. Relaxation
oscillator is used as local oscillator. Its quadrature output provides LO signals

without using polyphase filter.

The overall blocks of mixer are shown in Figure 6.3.

80



| Channel

Matching Network

RF Balun 1 =
BE; 1 MT{I——) RF Output
CII CZI

Quadrature
LO Inputs

A4

Limiting
Amplifier

[}

Q Channel

Figure 6.3 : Quadrature mixer blocks.

In Figure 6.3, s parameter model of RF balun is used for the simulation. It is modeled
in SONNET.

After the oscillator, limiting amplifier is used because Gilbert mixers require strong
LO signal. It is important for the fast switching. The disadvantage of this strong LO
signal is worse LO — RF isolation. Using double balanced structure that is shown in
Figure 6.2, differential LO signal cancels each other. Therefore only the coupling can
be problem for the LO — RF isolation. Also, matching of transistors are another

parameter to reject LO feedthrough.

Firstly, transient simulation result of the circuit is shown in Figure 6.4.
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Figure 6.4 : RF Output of the mixer.
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Output frequency of the oscillator is controlled by Ve voltage. It is adjusted to 2.4

GHz oscillation frequency. 1 MHz signal is used to IF inputs. Therefore, RF signal

consists of 1 MHz information signal and about 2.4 GHz carrier signal. Harmonic

balance simulation is done to show conversion gain that is shown in Figure 6.5.
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Figure 6.5 : Conversion gain of mixer.

Figure 6.5 shows that the mixer has about 4.5 dB conversion gain. Monte Carlo

simulation is required to simulate LO feedthrough and sideband rejection because in

this double balanced structure, these signals are canceled at the output. Mismatch and

coupling cause LOFT and SBR at the output. Monte Carlo simulation results are

shown in Figure 6.6 and Figure 6.7.
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Figure 6.6 : LOFT and SBR Monte Carlo simulation results.
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It can be seen from Figure 6.6 that, SBR is about - 50 dBc and LOFT is about - 60

dBm. In Monte Carlo simulation, 60 points are simulated.

It can be concluded from this simulation that oscillator provides sufficient quadrature
signals that result in — 50 dBc sideband rejection. Using this double balanced mixer
structure and quadrature oscillator, very clean RF signal can be obtained at the
output. Usually — 40 dBc rejection is sufficient for most applications in RF systems.

Another important parameter for mixer is noise figure. HBNOISE simulation is done

and NF simulation result is shown in Figure 6.7
13.3—_

13.2 4

Vtune (V)

Figure 6.7 : Noise figure versus Viyne.

For 2.4 GHz operation, about 13 dB noise figure is obtained.

Linearity performance is another important parameter of the mixers. Multi-tanh
structure shown in Figure 6.8 is used to improve linearity of the circuit.
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Figure 6.8 : Multi — tanh doublet with emitter resistance [21].
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Two tone test is applied for the IP3 simulation. The simulation result is shown in

Figure 6.9.
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Figure 6.9 : IP3 simulation result.

Another important parameter of mixer is the RF port return loss. The impedance seen
from the RF port should be matched to 50 Q to transform power perfectly. The return
loss is shown in Figure 6.10.
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Figure 6.10 : RF output return loss.
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In Figure 6.10, the RF return loss around 2.4 GHz is about -20 dB. Usually less than
-10 dB is sufficient for 50 Q systems.

Overall performance of the oscillator + mixer circuit is shown in Table 6-1 below.

Table 6-1: Overall performance of relaxation oscillator + mixer

This Work [22] [23] [24] [25]
VCC (V) 3.3 2 1.8 1 1
Power Consumption
33 18 15.8 40 11
(mw)
Operation Frequency
19 -28 2.4 5.25 13 -41 3-5
(GH2)
Conversion Gain 4.5 -18 6.3 55 6.5
LOFT -60 <-50 - - <-40
SBR -50 - - - -
NF 13 - - 14.5 12.5
11P3 11.7 6.5 -89 0 11.6
Return Loss -20 - - - -

Table 6-1 shows that, relaxation oscillator and up conversion mixer structure can be

used in 2.4 GHz RF application contentedly.
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7. CONCLUSION

This chapter concludes the research work presented in this thesis. LC, ring, BPF and
relaxation type VCO circuits are designed at 2.4 GHz oscillation frequency. The

overall performance of the designs is compared at Table 6-1.

Table 7-1: Overall performance comparison of designed VCO structures

] Relax.
LC VCO RingVCO BPFVCO
VCO
VCC (V) 1.8 1.8 1.8 1.8
Power Consumption (mW) 9 9 5.4 48
Oscillation Frequency (GHZ) 2.4 2.4 2.4 2.4
Tuning Range (GHz) 2.1 -2.6 14 -26 2.2-2.6 19-28
Kvco(MHZ/V) 430 2300 220 1300
Phase Noise (dBc/Hz) at
-120 -97.3 -95.8 -108.5
1MHz
Temperature Variation
110 MHz 330 MHz 130 MHz 120 MHz
(-40Cto 85C)
Process Variation (-36 to 36) 50 MHz 1000 MHz 300 MHz 40 MHz
Technology 0.18 um 0.18 um 0.18 um 0.18 um

The highest quality factor can be obtained with LC VCO structure. Therefore, best
phase noise performance is obtained in LC design as expected. However, its

fabrication cost is highest due to the integrated inductor. Also, it is required more
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detailed design and modeling issue. Usually in LC VCO designs, the used inductor is
slightly changed to generate different design versions that increase the cost.

Ring VCO structure is easier to design than LC VCO. It can be designed in standard
CMOS processes that mean cheap fabrication cost. Also, die area is very small with
related to LC VCO. Tuning range performance is best for ring structure. However,
phase noise performance is poor and supply sensitivity is very high with related to

other structures.

BPF structure also has similar performance with ring structure. Also, temperature,
process and supply sensitivity is better than ring structure. It also has advantages of
ring structure like low cost, easy design. However, their phase noise performances
are still far away with related to LC VCO.

Relaxation oscillator structure has best phase noise performance (-108.5 dBc/Hz at
1MHz) without using inductor. Therefore, it has low cost and easy design
advantages. Another important advantage of this structure, obtain accurate
quadrature signals that is very important for double balanced mixer structure. In LC
VCO structures, the phase noise performance is decreased to have quadrature
outputs. Therefore, this relaxation oscillator structure might be considered as good
alternative to LC structures. The disadvantage of this structure is that it requires more

power than other structures.

7.1 Future Work

As a future work, the inductor can be optimized for higher quality factor using
different shapes or using transformer structures in LC structure. Temperature,
process and power supply sensitivity of the ring oscillator can be reduced by adding
compensation circuits. For BPF oscillator structure, if the used OTA is designed with
lower parasitic like in 90 nm process or 45 nm, the performance of the circuit will be
improved. In relaxation oscillator structure, transistors with higher fr can decrease

the power consumption.
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APPENDICES

APPENDIX A: PSS and PNOISE Analysis Setup on Cadence Analog Environment

B Choosing Analyses -- Virtuoso® Analog Design Environm X
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Figure A.1: PSS and PNOISE Simulation Setup
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APPENDIX B: Netlists

LC VCO

// Generated for: spectre

// Generated on: Jan 28 18:37:57 2013
// Design library name: VCO

// Design cell name: LC

// Design view name: schematic
simulator lang=spectre

global O

parameters vcc=1.8 ibias=2m vtune=0.5
include "one sigma.scs" section=ONE_ SIGMA
include "statistics.scs" section=params
include "global.scs" section=NOM
include "ind.scs" section=NOM

include "npn.scs" section=NOM

include "lvres.scs" section=NOM
include "hvres.scs" section=NOM
include "salres.scs" section=NOM
include "rnw.scs" section=NOM

include "nlp8.scs" section=NOM
include "plp8.scs" section=NOM
include "n3p3 5p0.scs" section=NOM
include "p3p3 5pl0.scs" section=NOM
include "cap.scs" section=NOM

include "hpvar.scs" section=NOM
include "hppnp.scs" section=NOM
include "npn rth.scs" section=NO RTH
include "circuit.scs" section=CIRCUIT
include "fet.scs" section=BSIM

// Library name: VCO
// Cell name: LC
// View name: schematic
RO (vcc net0115 sub) rpp3t w=4u 1=4.4u m=1 strips=1
C3 (net9 net9 sub) c3t mim w=30u 1=28.0u caprows=1 capcols=l
m=1
L3 (net063 net038 sub) ind 3u xsize=150.00000u
ysize=150.00000u w=6u s=2u \
n=5 15=3.64593e-09 rvia=0.0305556 rl1=6.94544
111=1.03849%e-09 \
r1l2=15.5305 112=4.64426e-10 r13=34.7272 113=2.07698e-
10 \
r14=77.6523 114=9.28852e-11 cp=2.2206e-15 cx=1.1103e-
15 \
cox1=4.06551e-14 cox2=3.59336e-14 csubl=6.25703e-14 \
csub2=6.25703e-14 rsubl=176.552 rsub2=176.552 lval=-1
rp=-1 \
rsub=-1 rs=-1 csub=-1 wf=3u
M5 (net0115 net0115 0 0) nfets wf=50u 1lf=1u nf=20 slices=1
cur=0 m=5
M4 (net058 net0115 0 net043) nfets wf=50u 1lf=1u nf=20 slices=1
cur=0 m=5
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M2 (net038 net063 net058 gnd) nfets wf=5u 1£=180.0n nf=5
slices=1 cur=0 \

m=1
M3 (net063 net038 net058 gnd) nfets wf=5u 1f=180.0n nf=5
slices=1 cur=0 \

m=1
M7 (vtune net063 vtune vcc) pfets wf=14.0u 1f=180.0n nf=60
slices=1 cur=0 \

m=1
MO (vtune net063 vtune vcc) pfets wf=14.0u 1f=180.0n nf=60
slices=1 cur=0 \

m=1
M9 (vtune net038 vtune vcc) pfets wf=14.0u 1f=180.0n nf=60
slices=1 cur=0 \

m=1
M8 (vtune net038 vtune vcc) pfets wf=14.0u 1f=180.0n nf=60
slices=1 cur=0 \

m=1
M1 (net063 net038 vcc vecc) pfets wf=5u 1f=180.0n nf=15
slices=1 cur=0 m=1
M6 (net038 net063 vcc vece) pfets wf=5u 1£f=180.0n nf=15
slices=1 cur=0 m=1
V2 (vtune 0) vsource dc=vtune type=dc
VO (vcc 0) wvsource dc=vcc type=dc
ic net063=0
simulatorOptions options reltol=le-3 vabstol=le-6 iabstol=le-
12 temp=27 \
tnom=27 scalem=1.0 scale=1.0 gmin=le-12 rforce=1 maxnotes=5
maxwarns=5 \
digits=5 cols=80 pivrel=le-3 sensfile="../psf/sens.output” \
checklimitdest=psf

tran tran stop=20n errpreset=conservative write="spectre.ic"
writefinal="spectre.fc" annotate=status maxiters=5
finalTimeOP info what=oppoint where=rawfile

dcOp dc write="spectre.dc" maxiters=150 maxsteps=10000
annotate=status

dcOpInfo info what=oppoint where=rawfile

pss ( net063 0 ) pss fund=2.4G harms=11

+ errpreset=conservative tstab=40n annotate=status
pnoise ( net063 net038 ) pnoise relharmnum=1 start=lk
+ stop=10M dec=40 maxsideband=20 annotate=status

modelParameter info what=models where=rawfile

element info what=inst where=rawfile

outputParameter info what=output where=rawfile
designParamVals info what=parameters where=rawfile
primitives info what=primitives where=rawfile

subckts info what=subckts where=rawfile

saveOptions options save=all pwr=all subcktprobelvl=2
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Ring VCO

// Generated for: VCO

// Generated on: Jan 24 14:31:10 2013

// Design library name: deneme

// Design cell name: basic ring

// Design view name: schematic

simulator lang=spectre

global 0 sub!

parameters vctrl=860m vcc=1.8 sigma=0 hppnp global sigma=sigma

\
hpvar global sigma=sigma cap global sigma=sigma \
p3p3 5p0 global sigma=sigma n3p3 5p0 global sigma=sigma \
plp8 global sigma=sigma nlp8 global sigma=sigma

rnw _global sigma=sigma \
salres global sigma=sigma hvres global sigma=sigma \
lvres global sigma=sigma npn global sigma=sigma

ind global sigma=sigma \
global global sigma=sigma

include "one sigma.scs" section=ONE_ SIGMA

include "statistics.scs" section=params

include "global.scs" section=X SIGMA

include "ind.scs" section=X SIGMA

include "npn.scs" section=X SIGMA

include "lvres.scs" section=X SIGMA

include "hvres.scs" section=X SIGMA

include "salres.scs" section=X SIGMA

include "rnw.scs" section=X SIGMA

include "nlp8.scs" section=X SIGMA

include "plp8.scs" section=X SIGMA

include "n3p3 5p0.scs™ section=X SIGMA

include "p3p3 5pl0.scs" section=X SIGMA

include "cap.scs" section=X SIGMA

include "hpvar.scs" section=X SIGMA

include "hppnp.scs" section=X SIGMA

include "npn rth.scs" section=NO RTH

include "circuit.scs" section=CIRCUIT

include "fet.scs" section=BSIM

// Library name: VCO
// Cell name: delaycell man
// View name: schematic
subckt delaycell man gnd inn inp outn outp vbias vbp vcc

M5 (netll vbias gnd gnd) nfet w=10u 1=640n nf=8 slices=1
cur=0 m=1 \
as=3.475p ad=2.9p ps=13.195u pd=10.58u

M1l (outp inn netll gnd) nfet w=4u 1=180n nf=3 slices=l
cur=0 m=1 \
as=1.46667p ad=1.46667p pPs=6.06667u pd=6.06667u

M12 (outn inp netll gnd) nfet w=4u 1=180n nf=3 slices=l
cur=0 m=1 \
as=1.46667p ad=1.46667p pPs=6.06667u pd=6.06667u

CO0 (netll gnd) capacitor c=2p

M1 (outp vbp vcc vcc) pfet w=4u 1=860n nf=6 slices=1 cur=0
m=1 \
as=1.46667p ad=1.16p ps=6.06667u pd=4.58u
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M2 (outn vbp vcc vcce) pfet w=4u 1=860n nf=6 slices=1 cur=0
m=1 \
as=1.46667p ad=1.16p ps=6.06667u pd=4.58u

M6 (outn outn vcc vcce) pfet w=4u 1=860n nf=5 slices=1
cur=0 m=1 \
as=1.344p ad=1.344p ps=5.472u pd=5.472u

M4 (outp outp vcc vece) pfet w=4u 1=860n nf=5 slices=1
cur=0 m=1 \
as=1.344p ad=1.344p ps=5.472u pd=5.472u
ends delaycell man
// End of subcircuit definition.

// Library name: deneme

// Cell name: basic ring

// View name: schematic

RO (vcc 11200u sub!) rpp3t w=7u 1=(7u) m=1 strips=2

VO (vcc 0) wvsource dc=vcc type=dc

I14 (0 net22 net23 netl5 net20 i1i1200u vbp vcc) delaycell man
I13 (0 netl7 netl8 net22 net23 11200u vbp vcc) delaycell man
I12 (0 net20 netl5 netl7 netl8 i1200u vbp vcc) delaycell man
M1 (vbp vbp vcc vcec) pfet w=4u 1=860n nf=12 slices=1 cur=0 m=1
as=1.31333p \

ad=1l.16p ps=5.32333u pd=4.58u

M19 (vbp 11200u 0 0) nfet w=10u 1=640n nf=8 slices=1 cur=0 m=1
as=3.475p \

ad=2.9p ps=13.195u pd=10.58u

M2 (11200u i1i1200u 0 0) nfet w=10u 1=640n nf=8 slices=1 cur=0
m=1 as=3.475p \

ad=2.9p ps=13.195u pd=10.58u

ic netl8=0

simulatorOptions options reltol=le-3 vabstol=le-6 iabstol=le-
12 temp=27.0 \

tnom=27 scalem=1.0 scale=1.0 gmin=le-12 rforce=1 maxnotes=5
maxwarns=5 \

digits=5 cols=80 pivrel=le-3 sensfile="../psf/sens.output” \
checklimitdest=psf

dcOp dc write="spectre.dc" maxiters=150 maxsteps=10000
annotate=status

dcOpInfo info what=oppoint where=rawfile

tran tran stop=20n write="spectre.ic" writefinal="spectre.fc"
\

annotate=status maxiters=5

finalTimeOP info what=oppoint where=rawfile

modelParameter info what=models where=rawfile

element info what=inst where=rawfile

outputParameter info what=output where=rawfile
designParamVals info what=parameters where=rawfile

primitives info what=primitives where=rawfile

subckts info what=subckts where=rawfile

saveOptions options save=allpub subcktprobelvl=2
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RC BPF based VCO

// Generated for: spectre

// Generated on: Jan 28 17:07:55 2013

// Design library name: VCO

// Design cell name: OTA osc

// Design view name: schematic

simulator lang=spectre

global 0 sub!

parameters vcc=1.8 vtune=1.25 cl=47f c2=188f r2=400 r1=320

sigma=0 \
hppnp global sigma=sigma hpvar global sigma=sigma \
cap_global sigma=sigma p3p3 5p0 global sigma=sigma \
n3p3 5p0 global sigma=sigma plp8 global sigma=sigma \
nlp8 global sigma=sigma rnw global sigma=sigma \
salres global sigma=sigma hvres global sigma=sigma \
lvres global sigma=sigma npn global sigma=sigma

ind global sigma=sigma \
global global sigma=sigma

include "one sigma.scs" section=ONE_ SIGMA

include "statistics.scs" section=params

include "global.scs" section=X SIGMA

include "ind.scs" section=X SIGMA

include "npn.scs" section=X SIGMA

include "lvres.scs" section=X SIGMA

include "hvres.scs" section=X SIGMA

include "salres.scs" section=X SIGMA

include "rnw.scs" section=X SIGMA

include "nlp8.scs" section=X SIGMA

include "plp8.scs" section=X SIGMA

include "n3p3 5p0.scs™ section=X SIGMA

include "p3p3 5pl0.scs" section=X SIGMA

include "cap.scs" section=X SIGMA

include "hpvar.scs" section=X SIGMA

include "hppnp.scs" section=X SIGMA

include "npn rth.scs" section=NO RTH

include "circuit.scs" section=CIRCUIT

include "fet.scs" section=BSIM

// Library name: VCO

// Cell name: OTA osc

// View name: schematic

M7 (vtune net019 vtune vcc) pfet w=4u 1=180n nf=1 slices=l1

cur=0 m=10 \

as=2.08p ad=2.08p ps=9.04u pd=9.04u

M1 (vtune net030 vtune vcc) pfet w=4u 1=180n nf=1 slices=l1

cur=0 m=10 \

as=2.08p ad=2.08p ps=9.04u pd=9.04u

M3 (net019 net2 vcc vece) pfet rf w=5u 1=180n nf=6 slices=1

cur=0 \

sa=480.00n sb=480.00n ring sub=1 ngcon=1 postlayout=0 ngs=1

m=1

M2 (net030 net4 vcc vecc) pfet rf w=5u 1=180n nf=6 slices=1

cur=0 \

sa=480.00n sb=480.00n ring sub=1 ngcon=1 postlayout=0 ngs=1

m=1
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C2 (net019 netd sub!) c3t mim w=18u 1=10u caprows=1 capcols=1
m=1 \
cmima nom=1m cmima max=1.15m cmimp nom=100p
cmimp max=130p \
coxa nom=7.3u coxa max=8.lu coxp nom=31.8p
coxp max=33.5p \
rshtp nom=18m rshtp max=22m rshbp nom=66m
rshbp max=86m tc=36u \
tbp=620n ttp=1.5%u rvia=2.2 wvia=500n
Cl (net030 net2 sub!) c3t mim w=18u 1=10u caprows=1 capcols=1
m=1 \
cmima nom=1m cmima max=1.15m cmimp nom=100p
cmimp max=130p \
coxa nom=7.3u coxa max=8.lu coxp nom=31.8p
coxp max=33.5p \
rshtp nom=18m rshtp max=22m rshbp nom=66m
rshbp max=86m tc=36u \
tbhbp=620n ttp=1.5%u rvia=2.2 wvia=500n
V2 (vtune 0) vsource dc=vtune type=dc
VO (vcc 0) wvsource dc=vcc type=dc
M6 (net02 net02 0 0) n3p3fet w=50u 1=3u nf=60 slices=1 cur=0
m=5 \as=14.8833p ad=14.5p ps=52.262u pd=50.58u
M4 (net027 net02 0 0) n3p3fet w=50u 1=3u nf=60 slices=1 cur=0
m=5 \as=14.8833p ad=14.5p ps=52.262u pd=50.58u
R8 (net07 netd sub!) rpp3t w=4u 1=(6.6u) m=1 strips=1
R7 (net2 net(07 sub!) rpp3t w=4u 1=(6.6u) m=1 strips=1
R6 (net07 net019 sub!) rpp3t w=4u 1=(5.2u) m=1 strips=1
R5 (net030 net07 sub!) rpp3t w=4u 1=(5.2u) m=1 strips=1
R4 (vcc net02 sub!) rpp3t w=4u 1=(3.6u) m=2 strips=1
MO (net01l9 net?2 net027 net027) nfet w=5u 1=180n nf=3 slices=1
cur=0 m=1 \
as=1.7p ad=1.7p ps=7.34667u pd=7.34667u
M5 (net030 net4d net027 net027) nfet w=5u 1=180n nf=3 slices=1
cur=0 m=1 \
as=1.7p ad=1.7p ps=7.34667u pd=7.34667u
ic net2=0
simulatorOptions options reltol=le-3 vabstol=le-6 iabstol=le-
12 temp=27.0 \
tnom=27 scalem=1.0 scale=1.0 gmin=le-12 rforce=1 maxnotes=5
maxwarns=5 \
digits=5 cols=80 pivrel=le-3 sensfile="../psf/sens.output” \
checklimitdest=psf
dcOp dc write="spectre.dc" maxiters=150 maxsteps=10000
annotate=status
dcOpInfo info what=oppoint where=rawfile
tran tran stop=20n errpreset=conservative write="spectre.ic" \
writefinal="spectre.fc" annotate=status maxiters=5
finalTimeOP info what=oppoint where=rawfile
modelParameter info what=models where=rawfile
element info what=inst where=rawfile
outputParameter info what=output where=rawfile
designParamVals info what=parameters where=rawfile
primitives info what=primitives where=rawfile
subckts info what=subckts where=rawfile
saveOptions options save=allpub subcktprobelvl=2
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Relaxation VCO

//
//
//
//
//

Generated for: spectre

Generated on: Jan 28 18:10:31 2013

Design library name: VCO

Design cell name: RC

Design view name: schematic 108dbc 2.4ghz osc

simulator lang=spectre

global 0 sub!

parameters vcc=1.8 vtune=850m n2=6 nl=12 i2=2m i=4m r=120
sigma=0 \

hppnp global sigma=sigma hpvar global sigma=sigma \
cap_global sigma=sigma p3p3 5p0 global sigma=sigma \
n3p3 5p0 global sigma=sigma plp8 global sigma=sigma \
nlp8 global sigma=sigma rnw global sigma=sigma \
salres global sigma=sigma hvres global sigma=sigma \
lvres global sigma=sigma npn global sigma=sigma

ind global sigma=sigma \

global global sigma=sigma

include "one sigma.scs" section=ONE_ SIGMA

include "statistics.scs" section=params

include "global.scs" section=STAT

include "ind.scs" section=STAT

include "npn.scs" section=STAT

include "lvres.scs" section=STAT

include "hvres.scs" section=STAT

include "salres.scs" section=STAT

include "rnw.scs" section=STAT

include "nlp8.scs" section=STAT

include "plp8.scs" section=STAT

include "n3p3 5p0.scs" section=STAT

include "p3p3 5p0.scs" section=STAT

include "cap.scs" section=STAT

include "hpvar.scs" section=STAT

include "hppnp.scs" section=STAT

include "npn rth.scs" section=NO RTH

include "circuit.scs" section=CIRCUIT

include "fet.scs" section=BSIM

// Library name: VCO

// Cell name: RC

// View name: schematic 108dbc 2.4ghz osc

R6 (net022 0 sub!) rpp3t w=4u 1=(7u) m=3 strips=l1l
R4 (net019 0 sub!) rpp3t w=4u 1=(7u) m=3 strips=l1l
RO (net03 a2 sub!) rpp3t w=4u 1l=(6u) m=3 strips=l1l
R2 (net03 al sub!) rpp3t w=4u 1l=(6u) m=3 strips=1
M1 (al a2 net019 0) nfet w=10u 1=180n nf=12 slices=1 cur=0 m=1

as=3.28333p \
ad=2.9p ps=12.3233u
MO (a2 al net022 0)
as=3.28333p \

pd=10.58u
nfet w=10u 1=180n nf=

ad=2.9p ps=12.3233u pd=10.58u

C3 (al 0) capacitor c¢=50.0f

C4 (a2 0) capacitor c¢=50.0f

V3 (vcc 0) wvsource dc=3.3 type=dc

V1 (vtune 0) vsource dc=vtune type=dc
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VO (net03 0) vsource dc=vcc type=dc

M3 (vtune net022 vtune vcc) pfet w=4u 1=180n nf=33 slices=1
cur=0 m=10 \

as=1.18788p ad=1.18788p ps=4.71515u pd=4.71515u

M2 (vtune net019 vtune vcc) pfet w=4u 1=180n nf=33 slices=1
cur=0 m=10 \

as=1.18788p ad=1.18788p ps=4.71515u pd=4.71515u

ic al=0

simulatorOptions options reltol=le-3 vabstol=le-6 iabstol=le-
12 temp=27.0 \

tnom=27 scalem=1.0 scale=1.0 gmin=le-12 rforce=1 maxnotes=5
maxwarns=5 \

digits=5 cols=80 pivrel=le-3 sensfile="../psf/sens.output” \
checklimitdest=psf

dcOp dc write="spectre.dc" maxiters=150 maxsteps=10000
annotate=status

dcOpInfo info what=oppoint where=rawfile

tran tran stop=100n write="spectre.ic" writefinal="spectre.fc"
\

annotate=status maxiters=5

finalTimeOP info what=oppoint where=rawfile

pss ( al 0 ) pss fund=2.2G harms=3
errpreset=conservative

+ tstab=40n annotate=status

pnoise ( al a2 ) pnoise sweeptype=relative relharmnum=1
+ start=1k stop=10M maxsideband=20 annotate=status

modelParameter info what=models where=rawfile
element info what=inst where=rawfile
outputParameter info what=output where=rawfile
designParamVals info what=parameters where=rawfile
primitives info what=primitives where=rawfile
subckts info what=subckts where=rawfile
saveOptions options save=allpub subcktprobelvl=2
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