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Abstract

This thesis investigates the use of a simple transformer-coupled resonator to increase the
loaded Q of a LC resonant tank. The windings of the integrated transformer replace the
simple inductors as the inductive elements of the resonator. The resonator topology con-
sidered in this project is a simpler alternative to another proposed by Straayer et al [5] be-
cause it just requires a single varactor. A prime objective of this project is to prove that a
transformer-coupled resonator which is simpler than that proposed by Straayer in [5] pro-
duces the same reduction in phase noise. The use of this type of resonator topology is a
valuable technique which can be employed by RF engineers to reduce the phase noise
generated by oscillators in high speed RF systems. Such techniques which increase the
loaded Q of the resonator are very useful in practice because of the inverse squared rela-
tionship between resonator Q and the phase noise in the output signals of LC oscillators.

The important aspect of this technique is that magnetic coupling between the windings of
an integrated transformer increases their effective inductance while leaving their series
resistance relatively unchanged. As a result, the Q of these inductive elements is in-
creased and the phase noise generated by the oscillator is reduced. SpectreRF simula-
tions of an LC oscillator with a center frequency of 5GHz were used to verify the
performance of the proposed transformer-coupled resonator.

Thesis Supervisor: Michael H. Perrott
Title: Assistant Professor of Electrical Engineering
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Chapter 1

Introduction

1.1 Motivation

In the world today, the economies of all countries are intricately interconnected and
interdependent in global trade and exchange of information. This would not be possible
without the efficient transmission of information by various means including wireless
communication systems. The need to transmit more information in a reliable and
efficient manner has led to a significant increase in the demand for more efficient RF
systems operating at higher frequencies. The limited frequency bands available for
cellular, satellite and radio communication systems make it essential that these frequency
bands are efficiently utilized. In many communication systems, the efficacy of utilization
is dependent on how many different channels can operate within a given frequency band
without undue interference. The problem with wireless systems in general is that they are
plagued with interference and signal degradation in the form of phase noise.

Phase noise is very detrimental to the acceptable performance of RF systems for a
number of reasons. An RF system which produces an output signal with too much phase
noise will produce unwanted signals can act as interferers to other RF systems which op-
erate at relatively close frequencies. This interference can significantly degrade the sig-
nal to noise ratio of these systems and reduce the reliability and accuracy of the
information transferred. As a result, the Federal Communications Commission (FCC)

has laid down very strict guidelines for the output spectrum of wireless communication



systems. These restrictions have a direct impact on the magnitude of phase noise which
is acceptable at a particular offset from the carrier frequency of these RF systems. These
problems make the reduction of phase noise in RF systems a very active area of research
for RF engineers.

Most RF systems contain an oscillator which is used to generate the periodic out-
put signal that is modulated with the information to be transmitted. Unfortunately, these
oscillators are a dominant source of phase noise and signal degradation in these systems.
Thus, the author believes it is very important to investigate methodologies and techniques
that can be used to reduce the phase noise introduced into RF systems by oscillators. A
good understanding of the techniques used to reduce the phase noise generated by oscilla-
tors will go a long way in making current wireless communication systems more efficient
and economical. The breaking of new frontiers in the continuous integration of the dif-
ferent economies in our world today would then be assured.

The goal of this project is to show that the reduction in phase noise obtained by
the resonator proposed by Straayer et al in [5] can also be achieved with the simpler
transformer-coupled resonator architecture discussed in Chapter 5. It involves replacing
the simple inductor used in the resonator by an integrated transformer. Keeping the oscil-
lator’s architecture as simple as possible is always desirable because it reduces the prob-
lems created by the inevitable mismatch in the properties of integrated devices on the

same silicon substrate.
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1.2 Outline of Thesis

Chapter 1 gives a brief overview of the motivation and goal of this thesis project. Chap-
ter 2 discusses the modeling and characteristics of oscillators used in RF systems. This
serves as a background for the understanding of the discussion about LC resonators in
Chapter 5. Chapter 3 introduces the concept of phase noise and describes a number of
phase noise models used to analyze the phase noise in oscillators. Chapter 4 discusses a
number of methods used to reduce phase noise in oscillators. The technique which in-
volves the increase of the resonator Q by means of a transformer-coupled architecture
will be the focus of this project. Chapter 5 looks into inductor structures that can be used
in oscillators to improve their phase noise performance. In particular, the reduction in the
phase noise of an oscillator by replacing the inductors in the resonator with an integrated
transformer is discussed. A comparison will be made between the expected improve-
ments in phase noise performance obtained from hand calculations and simulation results
from SpectreRF. In addition, the chapter proves that this simpler transformer-coupled
resonator topology has the same phase noise performance as an alternative topology pro-
posed by Straayer et al in [5]. Chapter 6 describes the modeling and design of the induc-
tor and transformer which are most critical components of an LC resonator. This chapter
is very important because of the traditionally low Q-factors of these passive elements in
standard VLSI processes. Chapter 7 analyzes the effects of a mismatch in the induct-
ances of the transformer windings on the performance of the transformer-based oscillator
topology in Chapter 5. This analysis is essential because it is practically impossible to
create two identical devices or components in any silicon process. This thesis concludes

with Chapter 8 which gives a summary of the important results obtained in this project.
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Appendix A goes into more detail about the alternative transformer-coupled resonator

proposed by Straayer et al [5].

1.3 Summary

This chapter has provided the motivation and main objective of this thesis project. The
fact that the design of low phase noise LC oscillators is essential for the fabrication of
high speed, high performance RF systems was emphasized. The goal of this project
which is to prove that a simpler transformer-based architecture produces the same phase
noise reduction as the architecture in [5] was also stated. The next chapter will give a
brief introduction to oscillators which is important in understanding the subject matter of

the remaining chapters.
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Chapter 2

Oscillators

This chapter presents a brief introduction to the concept of oscillators in RF systems. It is
necessary for the reader to have a good understanding of the mode of operation of oscilla-
tors before the concepts of phase noise and increase in the Q-factor of LC resonators can
be introduced. The two general models used to analyze the operation of an oscillator and
a number of practical oscillators common in the literature will be discussed. A particular
group of oscillators called LC resonator oscillators are particularly suited to the trans-
former-coupled resonator approach of reducing the phase noise in oscillators. Thus, these
oscillators will be discussed so that the concepts and explanations of why an oscillator
that employs a transformer-coupled resonator shows a reduced magnitude of phase noise

in its output signal can be understood.

2.1 Whatis an Oscillator?

An oscillator is a system which generates a periodic output signal. Voltage controlled
oscillators (VCO) are oscillators in which the output frequency is proportional to an ap-
plied external voltage. Thus, VCOs are found in electronic systems which require a
source of variable frequency used for frequency synthesis, clock and data recovery and
other applications. These circuits are particularly important in PLL systems used for

clock generation and synchronization. Oscillators are found in many audio and RF sys-
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tems including but not limited to audio/music synthesizers, radio transmitters and receiv-
ers, etcetera.

Oscillators must have some sort of self-sustaining mechanism to ensure that they
continue to generate these periodic signals for an indefinite period of time. The basic op-
eration of all oscillators involves the positive feedback of the output of the oscillator to its
input. Thus, the periodic signal sustains and regenerates itself from one cycle to the
other.

Quartz crystals are a popular means of building oscillators. When a direct current
is applied to these crystals, they vibrate at a frequency that depends on their thickness,
and on the manner in which they were cut from the original mineral rock. Quartz crystals
produce periodic signals with little phase noise and relatively small extraneous signal
components. But they occur at relatively low frequencies in the MHz range which are
not high enough for RF applications. Thus, oscillators employing a combination of stor-
age elements such as inductors and capacitors are commonly used in high speed RF sys-

tems.

2.2 Oscillator Models

Oscillators are usually analyzed based on two equivalent models: either as a two
port system or a one-port system made up of two interconnected sub-systems. The two
port model shown in Figure 2-1 shows a frequency selective network or resonator in the
feedback loop. The H(s) block is the feed-forward gain block which is simply an ampli-

fier; the G(s) block is the feedback block which also stabilizes or selects the frequency of
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the oscillator. The loop gain of this system is G(s)H(s) and this term is used in the Bark-

hausen criteria discussed in the next paragraph.

X(s) H(s) o= Y(s)

G(s)

Frequency Selective
Network

Figure 2-1: Two port oscillator model
The transfer function of the system is given by,

Y(s) _ G(s)H(s)
X(s) 1-G(s)H(s)

In order for this system to produce a sustainable oscillation with a frequency, so=jwo, the
Barkhausen criteria must be satisfied: (1) The closed loop gain must be equal to unity at
the frequency of oscillation, i.e. G(so)H(so) = +1; (2) The total phase shift around the loop
must be equal to 0° for positive feedback and 180° for negative feedback. These criteria
show that any feedback system can oscillate if the closed loop gain and phase shift from
input to output are suitably chosen.

In an LC oscillator, the frequency selective network or resonator 1s composed of
an inductor and capacitor which are introduced to select and stabilize the oscillator’s out-
put frequency. In voltage controlled oscillators (VCOs), the capacitor takes the form of a
varactor whose capacitance can be varied to change the center frequency of the oscillator.
The capacitance of the varactor is varied by means of an externally applied bias voltage.
This property is essential in applications such as phase locked loops which require the os-

cillator to operate over a given range of frequencies. The block with transfer function,
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H(s), is usually a transistor circuit whose purpose 1s to provide sufficient gain so that a
constant periodic output signal can be sustained. This block can be a single transistor like
in the simple Colpitts oscillator of Figure 2-2a or it can be made up of two or more tran-

sistors like the differential oscillator of Figure 2-2b.

Vdd
(a) 1 (b)

=

-

r

- Frequency Selective
Network (Resonator)

Figure 2-2: Two feedback oscillator topologies: (a) Colpitts oscillator, (b) Differential
push-pull oscillator.

Alternatively, the one port model (Figure 2-3) can be used to gain more insight
and understanding of the operation of oscillators. This model describes the oscillator as
composed of two one-port networks connected together. These networks are the active
device network and the frequency selective network or resonator. A constant periodic
output signal is obtained by the exchange of energy between the inductors and capacitors
in the resonator. But in any practical circuit, these passive components have parasitic re-
sistances associated with them. Therefore, the resonator is unable to sustain an output
signal of constant amplitude all by itself because energy is lost every cycle in these para-
sitic resistances. Therefore, the active device network is introduced to replenish the en-

ergy lost per cycle.
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-R +R

. Frequency .
A_ctlvg Selective Flgurg 2-3: One-port model
Circuit Network of oscillator

A very useful way of understanding the operation of an oscillator is to consider
the one-port model in Figure 2-3 at resonance. The frequency selective tank can be ex-
pressed or approximated by a simple parallel RLC circuit with equivalent parallel resis-
tance, R. This is the resistance responsible for the loss in stored energy per cycle. The
active circuit compensates for this loss by providing a negative resistance, -R, of equal
amplitude to the equivalent parallel resistance of the resonator. Thus, from an opera-
tional point of view, the resistance of the resonator is cancelled out and it appears as a
lossless network. The oscillator can now sustain an output signal of constant amplitude.

Another important point to address is the startup of LC oscillators. To ensure
startup, the closed loop gain of the oscillator circuit is set to a value greater than unity.
This ensures that the noise inherently present in the oscillator is amplified until a signal
of suitable large amplitude is obtained. The magnitude of the output signal does not grow
out of control because of the amplitude limiting mechanism present in practical oscilla-
tors. These mechanisms are produced by the inherent non-linearity of the transistor de-

vices used in the active circuit network.

2.3 Types of Oscillators

There are a number of criteria by which oscillators can be classified. One such criterion
is whether the oscillator possesses a resonator or not. This classification arises from the

fact that any amplifier will oscillate if the Barkhausen criteria is satisfied even though it
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does not have a resonator. As long as there is sufficient gain at the zero phase frequency,
the amplifier circuit will oscillate. In addition, some circuits whose open loop transfer
functions exhibit hysteresis may oscillate even when the small signal phase shift appears

to be insufficient [11].

2.3.1 Resonatorless Oscillators

This class of voltage controlled oscillators is able to sustain a constant periodic output
signal without a resonator. Two common examples of this class of oscillators are the ring

oscillator and the multivibrator.

2.3.1.1 Ring Oscillator

When a series of variable delay cells are cascaded with a positive feedback loop connect-
ing the first and last variable delay cell, an output periodic signal will be produced if an
odd number of inversions from input to output exist. Suppose the delay of each inverter
is D and the number of inverters is N. Then the period of oscillation will be 2DN which

is the delay of each delay cell multiplied by twice the number of delay cells.

N delay cells (N is an odd number)

variable variable variable
l:delay cell P delay cell P ®®®— elaycell P

Figure 2-4: Ring Oscillator
This period arises from the fact that the signal has to pass through the inverters
twice to get back to its original value because of the odd number of inversions in the
feedback loop. The oscillation occurs at a frequency at which the total phase shift is 0°

and the loop gain is 1 in accordance with the Barkhausen criteria. Because the delay of
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each delay cell can be varied by an external voltage, the pertod of oscillation of the ring
oscillator can be varied as well. This property makes ring oscillators to have a large tun-
ing range which gives them an advantage over other types of oscillators such as LC oscil-
lators. It is worth noting that storage of energy is achieved with the capacitances at the
output of the inverters. These capacitances are due to the drain junctions of the output

transistors.

2.3.1.2 Relaxation oscillators:

VEE

Vour

Figure 2-5: Multivibrator

A good example of this type of oscillator is the multivibrator shown in Figure 2-5.
This circuit oscillates by continuously charging and discharging a capacitor between two
voltage levels. The frequency of oscillation is varied by a voltage controlled current
source. By changing the magnitude of the current used to charge the capacitor, the time
to charge the capacitor changes as well. Hence, a variation in the output signal frequency
is obtained. Multivibrators have the advantage of simplicity and a relatively small num-
ber of devices when compared to other resonatorless oscillators.

Resonatorless oscillators are not commonly used in RF design because they con-
tain a relatively large number of active and passive devices in the signal path. Further-

more, these oscillators tend to have very low open loop quality factors. Both of these
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properties make resonatorless oscillators to have poor phase noise performance which is
unacceptable in modern RF systems which have to satisfy very stringent phase noise
specifications. Therefore, the second type of oscillator, which are called resonator oscil-

lators, are more popular in RF systems.

2.3.2 Resonator Oscillators

The most common example of this class of oscillator is the LC oscillator. This
oscillator may be designed to produce single-ended, differential or quadrature signals. In
an LC oscillator, the periodic signal is generated by means of a network composed of an
inductor and a capacitor. A periodic oscillatory output signal is obtained when energy is
periodically exchanged between the electric field in the capacitor and the magnetic flux

in the inductor.

v

0o

d

sl

1
(

Figure 2-6: Differential LC oscillator
The frequency of oscillation of the differential LC oscillator in Figure 2-6 above
can be varied by replacing the capacitor in the resonator with a variable capacitor or
varactor. The capacitance of the varactor is changed by varying the magnitude of an ex-
ternal voltage which is applied to the varactor. In standard VLSI processes, the varactor

can be the p+/n- well capacitance, the p-n junction capacitance of a reverse biased diode,

20



or the channel capacitance of a MOSFET with the source and drain shorted. Thus, the
oscillation frequency of the oscillator can be “selected” by changing the natural fre-
quency of oscillation of the resonator. It is for this reason that the resonator is also called
the frequency selective network.

LC oscillators are the preferred choice for RF systems because of their lower
phase noise when compared to relaxation and other resonatorless oscillators. This arises
from the fact that LC oscillators require relatively fewer active devices which contribute
less device noise. One disadvantage of LC VCOs is that they have a limited tuning
range. The varactors which are used to vary the frequency of oscillation of these circuits
have a limited range of values over which their capacitance can change. Although the
capacitance of a varactor is proportional to the control voltage applied, it cannot increase
without bounds because the range of values of the control voltage is limited by the avail-
able supply voltage. Some RF circuit designers get around this problem by using a bank
of capacitors instead of a single varactor in the resonator. The fixed value capacitors are
switched in to tune the VCO over a particular range of frequencies. Thus, the bank of
fixed value of capacitors are used for coarse tuning with the varactor is added to fine tune
the oscillator to the desired frequency. Caution must be used in the design of these ca-
pacitor banks to ensure that the difference in value between successive capacitors is cov-

ered by the range of the varactor.
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Figure 2-7: LC oscillator with bank of capacitors for coarse tuning.

2.4 Summary

This chapter has provided a brief introduction to the concept of oscillators as a source of
periodically varying signals. In particular, the class of oscillators called LC oscillators
was discussed in greater detail because they find application in high speed RF systems.
The next chapter will introduce the concept of phase noise which is a very important

quantity to consider when designing high performance RF systems.
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Chapter 3

Phase Noise

3.1 Introduction

Practical oscillators are made up of devices which introduce noise into RF systems. This
device noise takes various forms including shot noise, flicker noise, and thermal noise.
When this noise is superimposed on the output periodic signal of the oscillator, it leads to
a random variation in the output signal’s amplitude and frequency. These random varia-
tions in the frequency of oscillation can also be regarded as random changes in the posi-
tion of the zero crossings or phase of the output signal. In this regard, the noise is usually
referred to as phase noise. From the equipartition theorem of thermodynamics, half of
the device noise in an oscillator is converted to amplitude noise and the other half is con-
verted to phase noise [1]. Since all oscillators have an amplitude control mechanism
which prevents the amplitude of oscillation from increasing without bounds, the ampli-
tude noise component is removed by the oscillator and is not significant to the circuit de-
signer. On the other hand, phase noise is a serious concern because it cannot be removed
by the oscillator. Thus, it degrades the signal to noise ratio and the integrity of data
transmission.

From a frequency domain perspective, the existence of phase noise in oscillators
implies that their output signals contain significant energy at other frequencies apart from
the desired center frequency. Considering the output spectra shown in Figure 3-1a, sig-

nificant difference exists between the outputs of ideal and practical oscillators. While an
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ideal oscillator has a single spike indicating energy at only one frequency, fo, a practical
oscillator has “skirts” around the center frequency indicating that there is significant en-

ergy at other frequencies.

>

carrier
signal

amplitude

amplitude

fo frequency fo frequency

(a) (b)

Figure 3-1: Output spectra of: (a) Ideal oscillator; (b) Practical oscillator

Phase noise is usually expressed as the ratio of power at a particular offset fre-
quency from the carrier or center frequency to power at the center frequency. This is the
power measured in a 1Hz bandwidth at the frequency offset in consideration. The units
of phase noise are dBc/Hz which is read as “decibels below the carrier per hertz.”

Phase noise is an important issue in RF systems because it degrades system per-
formance by reducing the signal integrity of their outputs. This effect is seen in both the
receiver and transmitter circuitry of wireless communication systems. In the receive
path, when the incoming signal is demodulated by convolving it with a local oscillator
(LO) signal which has phase noise, an output spectrum similar to that shown in Figure
3-1b is produced [11]. But if an interfering signal close to the desired signal is also pre-
sent at the input of the receiver circuit, it too will be convolved with the LO signal and
will have a profile similar to that in Figure 3-1b. Since both the desired signal and inter-

ferer are close in frequency, the “skirts” from the interferer are bound to fall within the
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same frequency range as the desired signal. This degrades the signal integrity of the RF
system.

Furthermore, a similar situation exists for the transmit path. Suppose an RF sys-
tem transmits at a particular frequency and the output signal has frequency spectrum
similar to that in Figure 3-1b because of phase noise. A receiver operating at a frequency
whose magnitude is close to that of the transmitter will be adversely affected because the
noise of the transmitted signal will fall within the pass band of the receiver’s filter. This
reduces the signal integrity and data reliability of the received signal. The situations de-

scribed above are shown in Figures 3-2 and 3-3.

carrier
signal

desired interferer

signal #

t'requency'

daswed interferer
signal
Downconverted signals fo frequency i

Figure 3-2: Effect of phase noise on the down conversion or demodulation of a signal
with a nearby interferer [11].

carrier
signal

@
he)
2
=
£ desired
h ~"signal
fo . frequenéy

Figure 3-3: Effect of the phase noise of a transmitted signal on the reception of a signal
at a nearby frequency [11].

23



3.2 Phase Noise Models

A number of models have been developed which help the circuit designer to esti-
mate the phase noise introduced into any RF system by the oscillator. These models pro-
vide good insight and intuition concerning the various dependencies and trade offs that
can be used to reduce phase noise. The use of models which simplify the calculation of
phase noise is essential because of the non-linearity and complexity of the processes
which generate phase noise in oscillators. Exact expressions which can accurately de-
termine the phase noise are simply impractical for the hand calculations used in circuit

design.

3.2.1 The Leeson Phase Noise Model

One such model is a linear time invariant model proposed by D.B. Leeson [2].
This is a relatively simple equation that can be used to calculate the phase noise at a

given offset frequency, Aw, from the center frequency:

L{Aw}:lmog{ziﬁ {1+[25’ng }(H%'A%ﬂ G-1)

In equation (3-1), F is an empirical fitting parameter whose value varies with oscillator

topology and has to be measured; A, /0 is the boundary between the l/ (Aa))2 and 1/ [Aa)r

regions; and P,, 1s the power of the output signal. This model shows some key character-

ig
istics of the phase noise of an oscillator. To reduce the phase noise, signal power or am-

plitude and Q should be increased, while the noise factor, F, should be reduced. It is for

this reason that a lot of effort has been put by RF designers to increase the loaded Q of
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the resonator in LC oscillators. Since in general, integrated capacitors of relatively high
Q-factors (> 40) are easily available, the above effort leads to maximizing the Q of the in-
tegrated inductor since it is usually very low (=5-10). This arises from the fact that the
loaded Q of a tank is mainly determined by the Q of its poorest component, which is usu-
ally the integrated inductor.

Leeson’s model has the advantage of simplicity and the provision of good design
intuition. The RF designer is able to quickly see the trade offs available in the optimiza-
tion of the performance of his / her oscillator designs. A drawback of this model is the
fact that the empirical fitting factor, F, cannot be obtained analytically but must be meas-

ured for the given topology. In addition, Aw, Er is not equal to the 1/f corner of the ac-

tive devices or transistors as assumed by this model. Thus, this parameter becomes yet

another fitting factor that was historically obtained from measurement [1].

3.2.2 The Hajimiri Linear Time-Variant Phase Noise Model

Some of the problems with Leeson’s model are solved by the Linear Time Vary-
ing (LTV) model formulated by A. Hajimiri and T.H. Lee [1]. An important property of
oscillators which is not accounted for in the Leeson model is the time variance and cyclo-
stationary nature of noise. The response of an oscillator to device noise depends on
which point in the period of oscillation this noise is applied. Rather than being time in-
variant, this observation indicates that LC oscillators are time-varying systems. This fact

is illustrated in Figure 3-4 for an ideal oscillator [1].
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Figure 3-4. Effects of linear time varying properties of oscillators on the impulse re-
sponse

The figure shows the different responses of an ideal oscillator to an impulse ap-
plied at a point near, (a) a voltage maximum and, (b) a zero crossing of the output signal.
In 3-4a, it is noticed that when the impulse is applied, there is an abrupt increase in the
amplitude with little or no change in the phase of the sinusoidal waveform. Given the
fact that all oscillators have some amplitude limiting mechanism, this change in the out-
put voltage magnitude is removed and there is no phase noise. On the other hand, in Fig-
ure 3-4b, there is maximum change in the phase but little or no change in the amplitude
of the output signal. Thus, it can be concluded that the oscillator is most sensitive to
noise at the zero crossing or alternatively, when the amplitude of the output signal is at its
mean value. In general, noise impulses occur throughout the period of oscillation and
thus, there is always a combination of amplitude and phase perturbations. The response
or susceptibility of the oscillator is defined by what is called an impulse sensitivity func-
tion, I". This function is obtained from simulations in Hspice or SpectreRF by applying
a series of small impulses at regular intervals within a period of oscillation and measuring
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the change in phase produced. The result is used to calculate the phase noise of the LC

oscillator using the equation below [4]:

Tos s« in /A

max

(3-2)
where ', =rms value of impulse sensitivity function

q,..x = maximum charge swing

i / Af =noise current power spectral density
A = offset frequency from carrier
Note that there are no empirical factors which can only be obtained by measure-
ment. Every term in Equation 3-2 can be obtained by hand calculations and simulation.
This is an obvious advantage over Leeson’s formula. But, the LTV model is not without
its drawbacks. It requires a lot of simulation time which increases with the number of
components and noise sources. In addition, it does not provide much intuition for hand
calculations. In other words, the dependencies which can be used to optimize the design
of the resonant tank are not obvious. For instance, the Q-factor of the tank does not ap-

pear explicitly in the phase noise expression. Rather, it is embedded in the other terms.

3.2.3 The Rael-Abidi Phase Noise Model

The third phase noise model to be discussed in this section is the J.J. Rael and
A.A. Abidi phase noise model [3]. This is a model based on Leeson’s linear time-
invariant phase noise model. Closed form expressions for the empirical fitting factor, F,
in the Leeson phase noise model have been derived for the differential LC oscillator to-

pology shown in Figure 2-2b. Thus, the drawback of obtaining the value of F from meas-

29



measurements has been removed and the simplicity of Leeson’s model can be fully taken
advantage of.
Rael’s model classifies the device noise which is converted to phase noise into
three major categories:
(a) Thermally induced phase noise due to the resonant tank: This is the white noise gen-
erated by the parasitic resistances associated with the inductors and capacitors in the

resonator. The expression for this component of phase noise is:

v KR(_ 5 Y
o= T )

where N, =2; N, =4
Af, = offset frequency;

f, =center frequency
Q = quality factor of resonant tank;

R = equivalent parallel resistance of resonant tank

V, =output signal swing
(b) Thermally induced phase noise due to the differential transistor pair: The channel of
the differential pair transistors acts as a resistance. Thus, the drain current serves as a

source of noise. The expression for this component of phase noise is

L) = 2 AR KR, 2
VoA, v 204

1 45 = Tail or bias current

(c) Thermally induced phase noise due to the tail current source: This component of
phase noise is due to the drain current of the tail bias current source transistor. Once
again, this noise is as a result of the fact that the channel of the tail transistor acts like

a resistor. The expression for this component of the phase noise is given by:
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where y = noise factor

g, = transconductrance of tail current transistor

The problem with this model is that it does not apply to a generic LC oscillator. It was
constructed for the specific LC oscillator topology in Figure 2-2b. In addition, no closed
form expression for the phase noise produced by flicker noise in the MOS transistors is
included in [3]. Despite this fact, the Rael-Abidi model was chosen for this project be-

cause of its simplicity and good design intuition. Also, the phase noise of the oscillator
will be calculated at an offset of 20MHz which is within the 1/ f* region in which flicker

noise is insignificant. Thus, significant errors will not be introduced into the analyses of
chapter 4. It should be noted that the use of this model restricted the oscillator topology
which could be used for the analysis in the later chapters. This does not matter because
the goal of this project is to show that a simpler transformer-based architecture can be
used to increase the Q-factor of the resonant tank for any oscillator. The oscillator topol-
ogy in figure 2-2b happens to be the one chosen for analysis. But as will be seen in the
next chapter, the analysis and conclusions reached are generic enough to be applicable to

any LC oscillator topology.

3.3 Summary

This chapter has provided a basic understanding of the concept of phase noise in LC os-
cillators. The detrimental effects of phase noise on the performance of wireless commu-
nication systems were discussed. Because the conversion of device noise to phase noise

is a complicated process, a number of simple models which are used to model phase
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noise were presented. These phase noise models were the Leeson linear time invariant
model, the Hajimiri linear time varying model and the Rael-Abidi model. The simplicity
of the Rael-Abidi model made 1t the phase noise model of choice for the analysis of the
transformer-coupled oscillator in this thesis project. The next chapter will consider a
number of techniques which are used to reduce the phase noise in LC oscillators. One of
these techniques will be selected for use in the design of an LC oscillator with a center

frequency of 5GHz.
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Chapter 4
Methods of reducing Phase Noise in LC

Oscillators

The problems described in the previous sections make it clear that the reduction of the
phase noise introduced into RF systems by oscillators is essential for the design of reli-
able systems. Some of the methods of reducing phase noise which are currently availabie

are described in the sections below:

4.1 Increase the amplitude and power of the output signal

Increasing the amplitude of the output signal reduces the phase noise of the oscillator be-
cause the signal to noise ratio is increased. This arises because the magnitude of the
noise remains the same while the output signal amplitude is increased. Alternatively,
some methods available in literature seek to obtain the desired signal amplitude with a
smaller bias current. A good example of this is the complementary differential LC oscil-
lator in [6]. The use of cross-coupled PMOS transistors in addition to NMOS transistors
makes it possible to obtain a larger signal swing for a given bias current than an oscillator

using only one set of cross coupled transistors.
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298 Figure 4-1: Complementary differential LC
oscillator

4.2 Reduce the percentage of device noise converted to phase

noise

Another method of reducing phase noise is to minimize the effect of the fundamental de-
vice noise processes that cause it. An example of this technique is the use of a noise filter
to filter out noise at a particular frequency from the output of the oscillator [8]. The noise
filter is a simple narrowband circuit which consists of a large capacitor in parallel with
the tail current source and an inductor connected between the drain of the tail current

transistor and the sources of the differential pair FETs.

vdd

S
~ “
-
N r
-~ L4

Figure 4-1a: Differential VCO showing noise filter [8]
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The capacitor shorts noise frequencies around 2w to ground (wo = center fre-
quency) and prevents this component from producing phase noise. An inductor is intro-
duced into the design to provide a high impedance between the sources of the differential
pair FETs and drain of the tail current FET. This prevents the differential pair FETs from
loading the resonator when they are in the triode region of operation. Any loading of the
resonator will significantly degrade its quality factor, Q, and increase the phase noise of
the oscillator. The inductor size is chosen to resonate at a frequency of 2w with the ca-
pacitances at the sources of the differential pair FETs. Hegazi asserts in [8] that only
thermal noise in the tail current source around the second harmonic of the center fre-
quency produces phase noise. This is the reason for the effort of designing the noise fil-

ter to eliminate device thermal noise at this frequency.

4.3 Increase the Q of the resonant tank

As mentioned previously, Leeson’s formula shows that the phase noise of an os-
cillator is inversely proportional to the Q of its resonant tank. Hence, many techniques
have been developed to improve the Q of the resonator within the constraints imposed by
available technology. In general, this process simplifies to maximizing the Q of the inte-
grated inductor because the Q of these passive components are very low (=5-10).

One method of increasing the Q of the resonator involves driving it differentially
rather than single ended [7]. Consider the equivalent pi model of an integrated inductor

in Figure 4-2
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Port 1 L r Port 2

COX Cox

Figure 4-2: Lumped model of integrated inductor [7]
When port 2 is grounded and port 1 is driven by a single ended signal, the shunt RC
component on the right is functionally removed from the circuit and the resultant circuit
is shown in Figure 4-3a. If both ports of the inductor in Figure 4-2 are driven by two dif-
ferential signals, the two shunt RC branches are effectively in series because they are
connected through the ground terminal. Thus, the inductor model simplifies to the circuit

in Figure 4-3b.

(2) (b)

' Ve @ C/2-l:“ 2R 3T
1

.

Figure 4-3: (a) Single ended Excitation; (b) Differential Excitation
In the simplified models of the integrated inductor shown in Figure 4-3, the shunt R-C
elements model the behavior of Cox, Cs; and Rg in the original lumped circuit model of
Figure 4-2. The impedance of the shunt R-C element in the single-ended case is

(R +1/@C) " while that for the differential case is (2R + 2/@C)”. At low frequencies, the

impedances in both cases are approximately equal. But at higher frequencies, the magni-
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tude of the imaginary component of the impedance has a higher value for the differential
excitation when compared to the single ended case. This increases the real part and re-
duces the imaginary part of the tank’s input impedance. As a result, the Q of the inductor
increases [7].

Another method of increasing the Q of the inductor involves replacing the
inductor of the resonator with an integrated transformer. An oscillator topology by

Straayer [5] showing this technique can be seen in Figure 4-4.
vdd
i

p—

Chw
o {]

Figure 4-4: Transformer-based CMOS VCO [5]
The oscillator has two resonant LC tanks, one on each side of the transformer with equal
capacitance, C. If the coupling coefficient of the transformer, k = 1, the effective induc-

tance of the transformer windings becomes L + M =2L where L, =L, =L and mutual

inductance, M = kL . Straayer asserts that the resultant Q of the transformer windings is
double that of a simple inductor with inductance = 2L.. The increase in Q can be attrib-
uted to the increase in inductance of the transformer windings because of the mutual
magnetic coupling between them.

This method of phase noise reduction was selected as the focus of this thesis pro-

ject because of the potential doubling of the resonator Q-factor and the resultant 6dB re-
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duction in phase noise. Furthermore, unlike many of the other techniques discussed in
this chapter, the transformer-based approach can be done without the use of additional
components. The application of this technique to the design of an LC oscillator will be

discussed in more detail in the next chapter.

4.4 Summary

This chapter discusses a number of methods used in practice to reduce the phase noise of
an LC oscillator. The techniques were loosely classified into three groups depending on
if it focused on; (1) increasing the amplitude of oscillation, (ii) reducing the percentage of
device noise which is converted to phase noise, and (ii1) increasing the Q of the resonant
tank. These classifications were based on the dependencies which can be seen in
Leeson’s phase noise expression. The third method of phase noise reduction was chosen

for the design of the LC oscillator which will be completed in the next chapter.
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Chapter 5
Comparison of inductor-based to trans-

former-based oscillators

There has been considerable interest in the use of transformer-coupled techniques to build
low-Q LC resonators. A good example of this technique is presented by Straayer et al in
[5]. But this chapter will show that Q-factor enhancement by means of a transformer-
coupled resonator can be achieved using a simpler architecture than that presented in [5].
A complementary CMOS VCO constructed using the transformer-coupled resonator dis-
cussed in case 3 below will require just a single varactor as compared to two varactors
used in [5]. The use of only one varactor eliminates the potential problems which could
be introduced by mismatch in the magnitude and tuning range of the varactors. Since no
two components can be identical in integrated circuits, it i1s desirable to use as few de-
vices as possible when designing any system.

Intuitive and analytical explanations for the increase in Q-factor of the resonator
when a transformer 1s used instead of a simple inductor will be presented. A comparison
will be made between the phase noise produced by a simple inductor-based oscillator to
that produced by a transformer-based oscillator with identical bias currents and active
circuit device sizes. It will be shown that the increase in resonator Q obtained by the use

of a transformer will lead to a reduction in the phase noise produced by the LC oscillator.
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5.1 Case 1: Inductor-based LC Oscillator

This section is divided into two major sub-sections; the design of the LC oscillator and

the calculation of its phase noise using Rael’s phase noise expressions.

5.1.1 Oscillator Design

vdd
ad
40/0.18 ;:n»————ljgl 28/0.18

30/0.18 30/0.18
.
0.33pF @ s5ma
1.259nH 1.259nH
5.14ohms% 5.140hms

+

Figure 5-1: Schematic of inductor-based LC Oscillator

The figure above shows the inductor-based oscillator which consists of a resonant
tank connected to a negative resistance generator formed by a cross-coupled differential
pair of PMOS transistors. The differential pair replenishes the energy lost in the tank re-
sistance as energy is exchanged between the electrostatic field in the capacitor and the
magnetic flux in the inductor. Another way of looking at this is to say that the negative
resistance provided by the differential pair PMOS transistors cancels out the positive re-
sistance in the tank thereby making the resonator effectively ideal and lossless (ignoring
the noise generated by these resistances). The inductor in the resonator was modeled as
an ideal inductor in series with a resistance. This simplified model was chosen to make
the calculations which will be carried out in this chapter easier to do. To ensure that un-

realistic values were not used in the analysis, the inductance and resistance values used in
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the resonator were extracted from an actual inductor modeled in ASITIC [9]. For exam-
ple, if values are chosen such that the Q-factor of an integrated inductor is 50, this will be
impractical because standard silicon VLSI processes do not have integrated inductors
with such high Q-factors. The oscillator was designed for a center frequency of 5GHz
with inductance, L=1.259nH. The series resistance of this inductor was 5.14Q2 making

the Q = 7.69 at 5GHz. The oscillator was designed as follows:

/g TAT( -1 I/ Gacrve
Acti
Re=Q?R % %L Lot L pave
I Network

Figure 5-2: Equivalent circuit of LC oscillator

L =1259nH; R=5142Q (extracted from ASITIC); f, =5GHz;, C=0402pF

_w, L 2xf,L
© R
R, = RQ* =304.08Q
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R, ..2-2R
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gm,PMOS -Rmnk 3048
v =] ¥R [ = Vewme = 2 =6.5TmA
SWING ™ " BIAS  °F blas R, 304.08

. L .
In the calculations above, the Q of the resonator was taken to be w;% . This is

strictly the Q of the inductor. But in practical oscillators, the Q of the inductor is much

smaller (<10) than the Q of the capacitor (>40). Since the Q of a resonant tank is usually
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limited by the component with the smallest Q, it is a good approximation to assume the Q
of the tank is equal to the Q of the inductor. A more rigorous analytical proof of why this
statement is true can be seen in [12].

It is safe to assume that the transistors in the active device network are velocity
saturated during much of the oscillation period because of the supply voltage (1.8V) and
channel length (0.18um). With this combination of supply voltage and device size, the
electrostatic field in the transistors is about 10V/um. This electrostatic field is large
enough to push these transistors into the velocity saturation regime. Thus, the square law
IV relationship for the MOSFET is no longer valid and cannot be used to calculate the

transistor width required to obtain the required transconductance of gm,PMOS =

6.577mS when the tail current, IBIAS = 6.57mA. The required wiL ratio for the differ-
ential PMOS transistors is obtained from a SpectreRF simulation of the circuit shown in

Figure 5-2b.

Vdd
Figure 5-2b: Diode connected PMOSFET used
. 4E to obtain the required W/ L ratio.

V

out

Pro

This circuit consists of a diode connected PMOSFET with a DC current source
connected to its source terminal. The magnitude of the current source is set to 6.57mA
which is the required bias current. Next, the width of the PMOSFET is swept through a

range of values and the amplitude of the output voltage, v, is recorded.

out
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. 1 1 )
The resistance of the diode-connected PMOSFET =———Hr0 =—— (assuming L <<r, ).

m m m

. i . . .
The transconductance can be obtained from g, = —%. The required width to obtain

out

g, =6.57mS is read from a graph of g, versus width and was found to be about 30pm.

This is the PMOS transistor width needed for startup of the oscillator.

5.1.2 Calculation of Phase Noise

The phase noise was calculated using expressions by Real et al [3] which calculate the
phase noise due to thermal device noise. The use of these expressions is justified because
the phase noise will be calculated at an offset of 20MHz. At this offset, the transistors
are in the 1/ f? region where phase noise is dominated by thermal noise and falls off at
-20 dB/decade. Flicker noise is more significant at frequency offsets close to the center
frequency.

The calculations below describe the computation of phase noise for the oscillator
topology in Figure 5-1. It is divided into 3 major noise contributors: thermal noise in the
parasitic resistance of the resonator, thermal noise in the tail current transistor, and ther-

mal noise in the differential pair PMOS transistors.
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Resonator Noise

L(Ajj):zoMHz)zN]sz—T—ZE( /o J:6.653*10’”’
vy 2041,

where N, =2; N, =4
Vo= sznvc =2V

Tail Current Noise

2

32 kTR f, _

LIAf, =20MHz )=— R=——| L% | =1484*10"
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where y = noise factor =2.5;g 1\ = &pyos = 6.577mS

Differential Pair Noise

2
L(Af, = 20MHz) = 32215’*513 kVTf ( 2 sz v j =2.093*107"
0 0 [4]

Lrorac (Afo = 2OMHZ) =6.653*107"° +1.484*107"° +2.093*107"
=424%10"
Phase noise = 1Olc’g(LTOTAL (Afo = 20MHZ)) =-143.7 dBC/HZ

The oscillator in Figure 5-1 was also simulated using Cadence’s SpectreRF simulator.
The phase noise obtained was -147.4 dBc/Hz at 20MHz offset from a center frequency of

5GHz

5.2 Case 2: LC Oscillator with Transformer-Based Resona-

tor which includes a passive secondary LC tank

This topology is similar to that presented by Straayer et al in [5]. The inductive elements

in the resonator are replaced by a transformer. The distinctive characteristic of this archi-
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tecture is the presence of an additional resonant LC tank which 1s “floating” or electri-
cally isolated from the rest of the circuit. The oscillator in Figure 5-3 is a PMOS only
version of the fully complementary differential oscillator in [S]. Straayer asserts that if
the coupling coefficient of the transformer, k = 1, the Q of the transformer windings will
double in magnitude. This will lead to a reduction in the phase noise of the oscillator be-
cause of the inverse square relationship between phase noise and tank Q. More details

about this oscillator topology are presented in Appendix A.

35/0.18

30/0.18

parasitic cap
at node = 80fF
) 6.57mA

.....

Figure 5-3: Transformer-based LC VCO with passive secondary LC tank.
The circuit shown above was simulated in SpectreRF to get an estimate of the phase
noise produced by this oscillator. The simulation results showed a phase noise of

-152.2 dBc/decade at a 20MHz offset from the center frequency of SGHz.
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5.3 Case 3: LC Oscillator with Simple Transformer-Based

Resonator

This section presents an alternative topology to case 2 which also employs a
transformer-coupled resonator. Figure 5-4 shows that the inductor-based oscillator to-
pology in case 1 was modified by replacing the inductors in the resonator with a trans-
former. The transformer windings will serve as the inductive elements in the resonant
tank. The phase noise of this modified oscillator topology will be recalculated to see if
any reduction in phase noise is obtained. In addition, a comparison will be made between
the phase noise generated by the transformer-based oscillator topologies of case 2 and

case 3.

28/0.18

30/0,18

) 6.57mA

"""""" 1,5850hms 77.6pH 77.6pH "=~

1.5850hms "+,
] 310.4nH :

...................

Figure 5-4: LC oscillator with transformer-based resonator

5.3.1 Explanation for Increase in Q with Transformer-Based Resonator

When two current carrying conductors are in close proximity to each other, and

their respective currents flow in such a direction that makes their respective magnetic
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fields reinforce each other, then it is true to state that their self inductances will decrease
while their mutual inductances will increase. However, the increase in mutual inductance
is usually more than the decrease in self inductance. Therefore, it is valid to conclude
that the effective or net inductance of the two current carrying conductors in close prox-
imity to each other will increase. Intuitively, if this net increase in inductance is not ac-
companied by a corresponding increase in the series resistance of the inductor, an
increase in the effective Q-factor of the inductor is expected. This assertion is proved us-

ing the analysis that follows:

Active Negative

Resistance Resonant Tank _'_1,, ._I2_ ’\/R\L/\,
e 1 ! 1
1/Gm=-Rp Re=RQ*S G | L, C,
T R
Tank 1 Tank 2

Figure 5-5: Equivalent circuit of transformer-based resonator

At resonance, the negative reactance of the capacitor and positive reactance of the
inductor in Tank 1 of Figure 5-5 will cancel out thus making the tank to have a purely
real impedance. Furthermore, the mode of operation of the oscillator ensures that the
negative resistance provided by the active device network is approximately equal to the
real impedance of the tank. Thus, looking into the terminals 1-1 of Tank 2, the negative
resistance of the active device network connected to Tank 1 cancels out its positive im-
pedance. Therefore, from a large signal point of view, no impedance is reflected from
Tank 1 to Tank 2. This ensures that the series resistance of the inductor in Tank 2 re-
mains unchanged. But the magnetic coupling between the inductors in the two tanks will

cause a voltage, V to be induced in Tank 2 due to the magnetic flux produced by current
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flowing in Tank 1. This voltage appears as a mutual inductance which is in series with

the self inductance of the inductor in Tank 2. Thus, writing KVL for the mesh in Tank 2,

(SL2 +R; +—1—J12 +V, =0
sC

2

(SL2 +R, +‘—1-]12 +skL1, =0

SL,

sLiI, + skL,I, + (RL + L]11 =0

sC,

I=0

SLOA+k) +R, I +
5Ly

wherel, =1, =1and L =L,=L
Thus, the effective inductance of the inductive element in Tank 2 has increased to

a value (1+k)L,. The final equivalent circuit is shown in Figure 5-6. It should be noted

that the series resistance, Ry has remained the same while the effective inductance has in-
creased. The new effective value of the Q-factor is calculated as:

L,..=0+k)L,=01+k)L

case2 T casel

L 1+k)L
ooy Qca.veZ = a]g)L’cZi.:e22 — a)O (R ) casel _ (1 + k)Qcase]

=(1+0.8)*7.69=13.85

L,case

An increase in Q by a factor of (1+k) = 1.8 is obtained by using a transformer in-
stead of a simple inductor. This is the same factor by which the inductance of the trans-
former windings is increased. It was pointed out previously that Leeson’s phase noise
formula [2] indicates that the phase noise generated by an oscillator is inversely propor-
tional to the square of the resonator Q-factor. Consequently, a reduction in phase noise is

expected as the calculation in the next section will show.
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Figure 5-6: Final equivalent circuit of transformer-based resonator

[t should also be noted that the windings of the transformer shown in Figure 5-5
above are driven with a polarity that ensures that the magnetic flux produced by one
winding reinforces the flux of the other so that the effective inductance is increased by a

factor of (1+k).

5.3.2 Oscillator Design

In order to facilitate easy comparison between the current topology and that in
case 1, it is necessary for both oscillators to operate with identical specifications. The
transformer-based topology was designed so that the amplitude of the output signal, the
bias current, and the center frequency are identical to that of the oscillator in case 1. To
ensure that both topologies have the same output signal amplitude for the same bias cur-
rent, their respective resonators must have the same equivalent parallel resistance at reso-
nance. This stems from the fact that the amplitude of the output signal of an oscillator is
proportional to the product of the bias current and equivalent parallel resistance [4]. For
Tank 1 in Figure 5-5,

V

swing

— *
- IBIAS RP
where [, . = tail bias current

and R, = equivalent parallel resistance

The design methodology was first to set the desired value of Rp = 304Q needed to

get a particular output swing for a given bias current. Then, the series resistance of the
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inductor is calculated using the new effective Q-factor. Next, the value of the inductor
which will bave this series resistance is calculated and a suitable capacitance value is
chosen to set the resonant frequency of the tank equal to SGHz. This series of design

steps is shown below:

v

swing

=2V and 1,,; = 6.5TmA (same as casel)

V. .
Then, R ; = —% =304Q

BIAS

Also,R, =R, =R 2 o1 = Riuses ¥13.85 = R, s =1.585Q

L case3

Since for a practical inductor R scales linearly with L,

Ricwer _ 1 p59ppy+ 1385
' 5.142

L, casel

L =0.388nH

case3 — “casel

Ly =(+k)L,,, =698.5pH

case3
1

rom f, = ———===5GHz,C =1.45pF
s Jo 2N LC P

The calculation above concludes the design of the resonant tank in case 3. The active de-
vice network which consists of the differential PMOSFET pair and the tail bias current

FET is the same as that used in case 1.

5.3.3 Phase Noise Calculation

Rael’s closed form phase noise expressions [3] were used in calculating the phase
noise even though the oscillator topology under consideration is different from that for
which the expressions were derived. This was justified because the topology of case 3 is
similar to that in case 1 if the two windings of the transformer are taken as the two induc-

tive elements in resonant tank. The calculation of phase noise is shown below:
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Resonator Noise

2
L(Af, = 20MHz )= NN, k—Tﬁ( /o _ J =2.05%107"°
v 2041,

where N, =2; N, =4
Vo =Vome =2V

Tail Current Noise

2
L(Af0 = 20MHZ)=22‘78,",TAILR-@ _So =4.55*107'¢
9 Vo \204/,

where y = noise factor =2.5;8_ 1an = &ppos = 6-58mS

Differential Pair Noise

2
T
L(Af, = 20MHz)=> 2;’;’“}2 ka (2 éfgf ] =6.52¥107°
0 0 0

Loorar (8, = 20MHz)=2.05%107¢ +4.55%107° +6.52*10™"
=1.31*10"

Phase noise = 10log(L o, (Af, = 20MHz))= —148.83dBc/ Hz

The circuit in Figure 5-4 was simulated using Cadence’s SpectreRF tool and the

phase noise obtained was -152.58dBc¢/Hz @ 20MHz offset. The difference of 3.7dB be-
tween the calculated and simulated values can be attributed to the approximations used
for the hand calculations. This discrepancy is not important because this chapter is fo-
cused on determining the difference and improvement obtained by using a transformer-
based resonator rather than the absolute value of the phase noise. As long as the errors
introduced in the hand calculation are identical in all the LC oscillator topologies consid-
ered in this chapter, the difference between the calculated and simulated values of phase
noise is not an issue. Note that if the above calculations are repeated for Tank 1 while

looking into the terminals of Tank 2, the same results will be obtained.
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5.4 Analysis of results

The results from all three resonator topologies are summarized in table 5-1 be-

low:
Phase Noise (dBc/Hz) at a
20MHz offset from a SGHz Phase Noise Difference (dB)
center frequency

Case 1 | Case?2 Case 3 Case 1 —Case 3 | Case 2 — Case 3
Calculated -143.7 | -148.9** | -148.8 5.1 **0.1
Simulated -147.4 | -152.2 -152.6 5.2 0.4
Relative 3.7 3.3%x* 3.8
Difference (dB)

Table 5-1: Summary of results in all three topologies of the LC oscillator.

The above table shows that a 5.1dB reduction in phase noise is obtained by re-
placing the inductor in the resonator of an LC oscillator by an integrated transformer.
This result makes intuitive sense when we consider the dependence of phase noise on the

Q of the resonant tank using Leeson’s phase noise expression [2].

2 A .
L{Aw}=1010g[2}1:fT {1 +(2ggw} }[H |Z)Z)f] H

1
LiAw;oc 101 —
= L{Aw) og[ sz

Since the Q of the inductor in the transformer based resonator of case 3 is greater than
that of the simple resonator in case 1 by a factor of 1.8, the difference in phase noise be-

tween the two cases should be,

1.8

AL{Aw} = IOIOg( 1 J =5.1dB

**see Appendix A
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This conclusion agrees with the results summarized in Table 5-1 above. It is also worth
mentioning that the phase noise of the oscillator can be reduced even further by driving
the transformer windings differentially. This will increase the Q-factor of the trans-
former windings as discussed in Section 4.3.

The results obtained in this chapter have proved that the phase noise of an oscilla-
tor can be reduced by using a transformer-based resonator architecture which is simpler
than that presented in [5]. This conclusion is drawn from Table 5-1 which shows that the
phase noise from SpectreRF simulations of case 2 is -152.2 dBc/Hz and that of case 3 is
-152.6 dBc/Hz with both values measured at a 20MHz offset from the center frequency
of 5GHz. Case 3 has the advantage of requiring only one capacitor as opposed to two ca-
pacitors in case 2. This fact eliminates the problems that could arise from the mismatch
in the magnitude of the capacitors. In the case of a VCO, the capacitors will be replaced
by a varactor. The use of two varactors could also include problems due to a mismatch in
the magnitude and tuning range of the varactors. This is not an issue for the oscillator to-

pology in case 3 because only one varactor is required.

5.5 Summary

In this chapter, it was proved that the simpler transformer-based oscillator referred to as
case 3 produces the same phase noise as the alternative topology similar to that proposed
by Straayer et al [5] and referred to as case 2 in the text. This is an important conclusion
because the oscillator topology in case 3 requires the use of just one capacitor as opposed
to the two capacitors required for the topology in case 2. In the case of a VCO where the

capacitors are replaced by varactors, the use of two varactors in case 2 could introduce
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problems due to a mismatch in the magnitude and tuning ranges of the varactor. This is
not an issue in the transformer-based oscillator of case 3 which requires just one varactor.

In addition, it was verified that the phase noise of an LC resonator is reduced by
replacing the inductors in the resonator by a transformer. The mutual coupling between
the windings of the transformer increases their Q-factors and reduces the phase noise of
the oscillator in accordance with the inverse squared relationship between the two quanti-
ties seen in Leeson’s phase noise formula. The next chapter will discuss the modeling
and design of the integrated inductors and transformers which are the most critical com-

ponents in the design of an LC oscillator.
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Chapter 6

Design of Inductor and Transformer

The previous chapters have established the fact that the use of transformers as the induc-
tive elements in LC resonators leads to an increase in Q-factor and a reduction in the
phase noise of LC oscillators. Despite this fact, it is important to verify that the trans-
former structures required to produce this increase in Q-factor can actually be constructed
in a standard VLSI process. This is especially important given the size constraints im-
posed by the requirements of multi-GHz frequencies used in today’s RF systems. Thus,
it is crucial to carefully design and optimize the transformer to get as high a value of
quality factor, Q, as possible. Integrated inductors and transformers tend to have poor Q-
factors because they are constructed from the thin metal traces available in standard VLSI
processes. Although much better inductors and transformers can be constructed off chip,
it is desirable to put these components on chip to reduce costs and improve the miniaturi-
zation of RF systems for mobile applications. Moreover, off chip inductors require the
use of bond wires for connection to the on chip components of the RF system. At multi-
GHz frequencies, bond wires are effectively inductors which are in series with the off
chip inductor used for the application in question. Because there is a significant variation
in the length of bond wires, a considerable variation in the effective inductance in the sys-
tem is produced. This state of affairs is undesirable for applications which require a

fairly accurate carrier frequency for the reliable transmission of data.  Although this
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variation can be reduced by the use of the capacitor banks shown in Figure 2-7, resona-
tors using this technique tend to have lower quality factors.

An integrated inductor consists of a spiral of metal which can be made in various
geometries or shapes including circle, square, and N-sided polygons. On the other hand,
an integrated transformer consists of a spiral of inter-wound conductors or metal traces
lying in the same plane or stacked one on top of the other in different planes. These con-
ductors are placed very close to each other to ensure that there is sufficient magnetic cou-
pling between them. Thus, in a typical VLSI process, transformers with coupling
coefficients of 0.7 or greater can be made. The mutual inductance of the transformer is
proportional to the peripheral length of the conductors, spacing and width of the metal
traces, and the substrate thickness [10]. Inductors and transformers are usually made
from the top level metal because it has a larger thickness and is furthest away from the
substrate. The larger thickness ensures that the inductor or transformer winding will have
a lower series resistance and thus, a higher Q-factor. The larger distance from the sub-
strate reduces the effects of parasitic capacitances and resistances on the operation and

frequency response of the inductor or transformer.

6.1 Transformer Layouts

Some of transformer layouts or winding configurations which are available in literature
are shown in figure 6-1. Each one of these square layouts is defined by a number of pa-
rameters which include: n = number of turns; s = spacing between metal traces;

w = width of metal trace; do,= outer conductor length; and d;, = inner conductor length.
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Figure 6-1 [1]: Diagram of various transformer topologies: (a) Parallel (Shibata) configu-
ration; (b) Overlay (Finlay) configuration; (c) Inter wound (Frlan) configuration

The parallel conductor (Shibata) configuration is made up of two conductors
which are inter-wound and lie in the same plane. This is done to promote edge coupling
between the primary and secondary windings which increases the coupling coefficient, k.
If this topology is used as shown in figure 6-1a, the total unwound lengths of the primary
and secondary windings will not be equal. This problem can be solved by coupling two
such transformers of identical dimensions. The inner spiral of one transformer is con-
nected in series with the outer spiral of the other transformer. Since the Shibata configu-
ration will potentially require more area that the other topologies, it was not used in this
project.

Figure 6-1b shows the Overlay (Finlay) winding configuration in which the two
windings are on different metal layers and are staked one on top of the other. This has
the advantage of high coupling coefficient, k, because magnetic coupling is achieved both
from the edges and the flat surfaces of the metal traces. Thus, coupling coefficients close
to 0.9 are easy to achieve with this configuration. In addition, a relatively smaller area is
required to achieve the same inductance as the other layouts. The disadvantage of this
winding configuration lies in the fact that the primary and secondary windings are con-

structed with different metals which have different sheet resistances. Thus, the Q-factors
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of the two windings will be different which is not acceptable for an oscillator topology
which requires a symmetric resonator. Therefore, this winding configuration was also
not used in the construction of the transformer-based resonator.

Figure 6-1c¢ shows the Inter wound (Frlan) configuration in which the primary and
secondary windings are identical and lie in the same plane. This configuration ensures
that when both windings have the same number of turns, they are electrically identical.
In addition, this configuration has the advantage of placing the terminals of the trans-
former at opposite ends which makes it easier to connect the transformer to other compo-
nents in the system. The Frlan winding configuration was selected as the most suitable

configuration for the resonant tank of the oscillator.

6.2 Design of Inductor and Transformer

The design and optimization of the integrated inductor and transformer was achieved us-
ing an electromagnetic simulator called ASITIC [9]. This EM simulator models the
physical and electromagnetic behavior of integrated inductors by utilizing circuit and
network analysis techniques to derive a frequency-independent lumped circuit. The tool
can rapidly search the parameter space of possible inductors in an optimization problem
to select a particular configuration that satisfies the requirements of the current applica-
tion. The value of inductance to be used in the optimization process was chosen so that
the final dimensions of the transformer were realistic and could be constructed in a typi-
cal silicon VLSI process.

Initially, ASITIC was used to attempt the design of an inductor with L = 1.259nH

and a transformer with primary and secondary winding inductance, L = .388nH. These
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are the same values used in the analysis of Chapter 5. To facilitate easy comparison and

verification of the analysis of Chapter 5, the transformer was designed so that the Q-

factor of its primary and secondary windings was approximately equal to that of the in-

ductor used in the differential LC oscillator of Figure 5-1. The parameters of the inductor

and transformer which were designed are shown in Table 6-1 below:

Name of Inductance | Number of | Width | Spacing | Length | Q-factor

Structure per winding | Turns

Simple 3.13 3 7.2 3 200 7.1

Inductor

Transformer | 1.1 3 16 1 200 7.0
k=.66

Table 6-1: Dimensions of Inductor and Transformer used in analysis

(a)

(b)

inductor

Figure 6-2: ASITIC Layout of (a) inductor; (b) transformer used in design of oscillator.

Note that the inductor and transformer which were used in the final design and

shown in Table 6-1 are different from that used in Chapter 5. These changes were made

because considerable difficulty was encountered in the design of a transformer with a

small inductance, but high coupling coefficient, k, and quality factor, Q. Since the in-

ductance of an inductor (or transformer winding) is proportional to its total unwound
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length, a small inductance is obtained if the total unwound length of the transformer
winding is small as well. But a large number of turns is required to obtain a good cou-
pling coefficient, k. Therefore, in order to obtain a good coupling coefficient and still
have a relatively small self inductance, it is necessary to use a transformer with small
outer length, doy, and relatively narrow metal traces. Unfortunately, the use of narrow
metal traces leads to a significant reduction in the Q-factor of the transformer due to an
increase in series resistance. A large number of simulations in ASITIC showed that it is
difficult to design a transformer whose windings have a small inductance, L = .388nH, a
Q-factor = 7.69, and a high coupling coefficient, k=0.8.

A different design methodology had to be used because of the problem discussed
in the previous paragraph. First, a transformer with an acceptable coupling coefficient
and quality factor was selected and modeled in ASITIC. This value was selected arbitrar-
ily with the loose constraint of keeping the transformer winding inductance as low as

possible. Next, the inductor was designed to have an inductance greater than that of the
transformer by a factor of (1+ k). The reason this factor was chosen is to ensure that

both transformer and inductor have the same equivalent parallel resistance at the same

resonant frequency.

Qtransformer = (1 + k)Qinductor

2
parr inductor Qinductor inductor

R

2
parr transformer ~ Qtransformer transformer
For easy comparison between the inductor-based and transformer-based resona-

tor, it is necessary to set R =R

parr inductor parr transformer

2 e Y
= inducerinductor - Qtransfbrmer transformer
2 2 2
Qtrans ormererans ormer (l + k) Qinduclor Rrrunsformer 2
inductor = 2 = 2 = 1+ k Rtransformer
Qinducror Qinductor
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Since the inductance of a practical inductor is approximately proportional to its

resistance, it implies that L, =(1+ k)zL The value of transformer winding in-

inductor transformer *

ductance was chosen with the additional constraint that the size of the inductor in the dif-
ferential inductor-based LC oscillator is limited by the minimum tank capacitance
available in the resonator. This capacitance is the drain junction capacitances of the dif-
ferential pair MOSFETs. Furthermore, in a voltage controlled oscillator, it is desirable to
have as large a tuning range as possible. Thus, it is important to choose the value of the
inductance such that a small proportion of the tank capacitance is made up of the drain

junction capacitance whose magnitude is constant and cannot be varied like a varactor.

6.3 Constraints of Transformer design for high speed appli-

cations

The design of the transformer in this chapter brings up a significant issue for high
speed applications which have operating frequencies in the multi-GHz range. At these
frequencies, the values of the inductors and capacitors tend to be small. Small inductance
values have to be used to ensure that the tank capacitance is large enough to prevent a
large percentage of it from being composed of the low Q, drain junction capacitances of
the differential pair PMOS transistors. The tuning range of an integrated LC VCO is sig-
nificantly reduced if a large percentage of its tank capacitance is made up of this drain
junction capacitance. In order to keep the Q-factor of the transformer windings large, a
transformer with a small number of turns (N < 2) and large width metal traces will have
to be used. This statement is true because as the number of turns in a spiral inductor is

increased, the series resistance increases significantly faster than the inductance. The in-
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ner turns of the inductor add more resistance than inductance and this reduces the ratio of
the total inductance to the total resistance. If a spiral with few turns and wide metal
traces is used, the transformer will have a smaller coupling coefficient and the increase in
Q-factor obtained by using a transformer-coupled resonator will be reduced.

In order to increase the coupling coefficients in transformers used for these high
speed applications, it is necessary to use a transformer with a large number of turns
(N > 4). Obviously, the values of N quoted in this section apply only to the current de-
sign and will scale with the required inductance and operating frequency of a particular
application. From a geometric standpoint, if the area is fixed or limited, the number of
turns can only be increased by using metal traces of smaller width. The drawback is the
series resistance of the metal windings increases thus reducing the Q-factor. Therefore, a
coupling coefficient, k, and Q-factor tradeoff in the design of these integrated transform-

ers is observed.

6.4 Issues of optimization of area of inductor versus trans-

former

The previous sections have analyzed the boost in the Q-factor by using an inte-
grated transformer rather than a simple inductor in the resonator. But, the optimization of
the area occupied by these passive components has not been looked into. This issue is
important because in a modern silicon VLSI process, there it is desirable to use the mini-
mum area possible for the passive components. Inductors and transformers are relatively
large structures which take up a significant area of the silicon die. Thus, it is important to

design a structure which satisfies the requirements of the application but takes up the
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least area possible. The next issue to investigate is to see if an advantage can still be de-
rived by using a transformer if there is a constraint on the area available.

Analyzing the simulation results from ASITIC, it was observed that the individual
windings of the transformer tend to have a lower Q-factor than a single inductor with
equal area when the number of turns in the transformer is set so that there is a sufficiently
high coupling coefficient (k > 0.7). In general, the number of turns, N, had to be set to a
value greater than or equal to 3 before a coupling coefficient, k > 0.7 could be obtained.
This can be attributed to the fact that the inner traces of the transformer add more nega-
tive mutual inductance while the increased unwound length leads to an increase in the se-
ries resistance. As a result, the inductance of the transformer winding does not increase
as quickly as its series resistance and thus, there is a reduction in the ratio of the induc-
tance to the resistance. This makes the transformer winding to have a lower Q-factor.
On the other hand, a spiral inductor does not have any constraints on the number of turns
because there is no requirement to have a high coupling coefficient. This makes it possi-
ble to obtain higher Q-factors by reducing the number of turns of the inductor.

If the area of the inductor and width of the metal traces are kept constant, the

Q-factor of an inductor is inversely proportional to the spacing between the metal traces.
This is shown in the plot in Figure 6-4 below for an inductor with do,=173pum;

w=11.8um; n=2.25:
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Figure 6-3: Diagram of inductor indicating various parameters.
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Figure 6-4: Quality factor Q, versus spacing, s for an inductor of fixed area.
Note that when the area or external length, dyy is fixed while the spacing s, is increased,
the total unwound length of the inductor reduces. This also leads to a reduction in the ef-
fective inductance. This fact makes it important to investigate whether the boost in Q-
factor due to the magnetic coupling between the transformer windings is large enough to
offset the inherent lower Q-factors of these windings. A series of simulations were done

with ASITIC in which the area of the inductors and transformers were kept constant

while other parameters such as spacing and line width were varied to obtain the largest
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Q-factor possible within these constraints. These simulations showed that the best Q-
factor obtained for an inductor was larger than the best Q-factor for a transformer by
about 1. For a coupling coefficient, k > 0.6, a considerable increase in the Q-factor is still
obtained by using a transformer-coupling resonator. This result indicates that there is
still a significant advantage to using a transformer instead of a simple inductor in the
resonator of an LC oscillator.

The overlay transformer layout has the advantage that for a given area, we can
fully optimize the Q-factor without hurting the coupling coefficient k, since the magnetic
coupling is mainly through the flat surfaces of the two windings. The same cannot be
said for the Frlan winding configuration in which we have a direct tradeoff between cou-
pling coefficient, k, and Q-factor as discussed in the last section. Thus, the overlay con-
figuration will be suitable for oscillators with a topology similar to case 3 in the previous

chapter or one that does not require a symmetric resonator.

6.5 Summary

This chapter looked into the modeling and design of integrated inductors and transform-
ers. The discussion was motivated by the inherently low Q inductors that are available in
standard silicon processes due to the thin dimensions of the metal traces from which they
are made. An important tradeoff between the coupling coefficient and quality factor of
integrated transformers was revealed. This tradeoff is due to the fact that transformers
with high coupling coefficients require a large number of turns while transformers with
high quality factors require a smaller number of turns to reduce the series resistance.

Even though the series resistance of a transformer with a large number of turns could be
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reduced by increasing the width of its metal traces, this measure would increase the para-
sitic capacitance coupling between the transformer and the silicon substrate. The in-
crease in capacitance will reduce the self resonant frequency and will limit the
transformers upper frequency of operation. This state of affairs is undesirable for high
speed applications. The next chapter will look into the effects of mismatch in the induc-

tance of the transformer windings on the phase noise of the LC oscillator.
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Chapter 7
Effects of mismatch in the passive com-

ponents of the resonator

7.1 Introduction

In any standard VLSI process, there are tolerances and process variations that
cannot be eliminated. For instance, it is impossible to design the windings of a trans-
former to be geometrically identical. Thus, the effects of mismatch in the inductance of
the transformer windings on the change in Q-factor and hence, the phase noise of the LC

oscillator should be investigated.

7.2 Calculation of Phase Noise with 20% Mismatch in the in-

ductance of the transformer windings

Consider a 20% mismatch between the expected inductance and the actual induc-
tance value of the transformer windings of the oscillator topology in Figure 5-4 which has
been redrawn in Figure 7-1 for convenience. The new values of inductances will become
L,=L-0.2L and L,=L+0.2L where L=0.388nH is the original inductance of the trans-
former windings in case 2. The expected value of phase noise obtained at each output is

calculated below using Rael’s phase noise expressions:
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Figure 7-1: Transformer-based oscillator with

mismatch in the inductance of the transformer
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L =08L=310.4pH; L, =1.2L =465.6pH
R =0.8R =1.268Q; R, =1.2R =1.902Q

For inductor L,

R, = Q7R =362.20; V, = I,,;s * R, = 6.5TmA*362.2 = 2.38V
Phase noise, L(Af)=1.18*10"" = -149.3dBc/Hz

Similarly, for inductor L,
R, =QR =243.2Q; Vy =1, *R, =6.5TmA*243.2=1.6V
Phase noise, L(Af)=1.53*10"" = -148.2dBc/Hz

Note that the above calculations assume that the Q of the transformer windings
remains the same even though there is a mismatch in the value of their inductances. This
assumption was made because small changes in the inductance of the transformer wind-
ings due to small variations in geometry will not cause significant changes in Q. The
amplitude of the two differential output signals will no longer be equal because of the dif-

ference in the equivalent resistance of the two LC tanks. This arises from the fact that if
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two inductors have approximately the same Q but different inductances, then they must
have different series resistances as well.

The phase noise at the output with the higher signal amplitude increased by
0.5dB while that of the other output decreased by the same margin. Since this change in
the phase noise is small, it can be concluded that a 20% mismatch in the inductance of the
transformer windings does not have any significant effect on the phase noise of the oscil-
lator.

A number of simulations were done in SpectreRF to verify the conclusions ob-
tained from the analysis above. The transient response of the oscillator in Figure 7-1 with

a 20% mismatch in the inductance of the transformer windings is shown in Figure 7-2:

Transient Response L}
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Figure 7-2: Transient response of LC oscillator with 20% mismatch between windings
The waveforms of the transient response shown in Figure 7-2 confirm that the sig-

nals obtained from the two output nodes of the oscillator are no longer equal. The ampli-

tude of the output signal has changed from 2V p-p to 2.22V p-p and 1.77V p-p. There is

a difference of about 7% from the simulated and calculated values. The center frequency
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frequency of this oscillator is the same as that of a transformer-based oscillator shown in
Figure 5-4 whose inductance is equal to the average of the mismatched inductances.
Thus, because the two mismatched windings of the transformer have inductances of L-
0.2L and L+0.2L where L is the inductance in the original transformer-based resonator in
Figure 5-4, the average of these inductances is L, and the same center frequency of SGHz
was obtained. More importantly, the phase noise obtained from the SpectreRF simulation
was -152.4dBc/Hz at 20MHz offset. When this is compared to the phase noise of
-152.6dBc/Hz obtained for the original transformer-based resonator without mismatch
(Figure 5-4), the conclusion that the mismatch in inductance values does not significantly
affect the phase noise of the LC oscillator is confirmed.

It is worth mentioning that the results in this section are valid over all process and
temperature variations. This is an obvious fact because these variations will affect each

LC oscillator topology in exactly the same manner.

7.3 Summary

In this chapter, the effects of a mismatch in the inductances of the transformer windings
were investigated. The results from both hand calculations and SpectreRF simulations
indicated that the change in phase noise introduced by this mismatch was too small to be
a serious issue. This analysis was done for a mismatch of 20% which is large for the well
controlled silicon VLSI process currently available. This leads to the conclusion that
mismatch in the inductances of the transformer windings will not be a serious issue in a
practical transformer-based LC oscillator. The next chapter will conclude this thesis

highlighting the major contributions achieved.
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Chapter 8

Conclusion

This thesis has investigated an important approach or technique which can be used to in-
crease the Q-factor of the resonator in an integrated LC oscillator and thus reduce the
phase noise generated by these circuits. In particular, the advantage of using a trans-
former-coupled resonator instead of the standard inductor-based resonator in an oscillator
has been shown to improve the Q-factor of the resonator by a factor equal to (1+k) where
k is the coupling coefficient of the integrated transformer. For a typical coupling coeffi-
cient of k=0.8, the Q-factor of the resonator is increased by a factor of 1.8. It was shown
that applying Leeson’s phase noise formula, a reduction of 5.1dB in the phase noise of
the oscillator’s output when compared to a standard oscillator with identical design speci-
fications is expected. Extensive SpectreRF simulations of the standard inductor-based
(case 1) and transformer-coupled (case 2) oscillator verified this fact.

An alternative transformer-based architecture that is somewhat simpler than that
used in [5] was proposed. This architecture was discussed in chapter 5 and eliminates the
need for an extra varactor in a “floating” RLC which was used in [5]. An obvious advan-
tage of using the proposed architecture proposed that the problems introduced by the in-
evitable mismatch in the varactors in [5] will not be an issue. This is because the
proposed transformer-coupled resonator requires the use of just one varactor. Although
it can be argued that the problems associated with any mismatch in the varactors can be

resolved by using different bias voltages, a bank of fixed capacitors (Section 2.3.2), or
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other techniques, it is simpler to use a transformer-coupled resonator that has single
varactor as described in chapter 5.

In the analysis shown in Appendix A, an important discrepancy or inconsistency
between the above mentioned results and theoretical analysis was revealed. This fact
specifically applies to the transformer-based oscillator similar to that presented by
Straayer et al in [5] and [12]. This design has a passive LC tank that is electrically iso-
lated from the rest of the circuit in addition to the primary tank which is connected to the
cross-coupled transistors and is responsible for the generation of the output signal. The

inconsistency arises from the fact that a theoretical analysis indicates that the Q of the

(1+%)

tank will not increase by a factor of (1+ k) but by 160
+

because the main primary tank

is loaded by the resistance reflected from the secondary “floating” passive tank. The in-
teresting fact is the amplitude of oscillation from the SpectreRF simulation seems to sup-
port this assertion but the phase noise obtained from the same simulation appears to

support the assertion that the Q-factor of the resonator increases by the factor (1 + k).

Although a suitable or acceptable explanation of this discrepancy was not pro-
vided in this thesis, the fact that the phase noise of an oscillator is reduced by using a
transformer-coupled resonator was demonstrated. The author was able to show that a
discrepancy between theory and simulation does exist and could be resolved in future re-
search work.

A tradeoff between the requirements for high coupling coefficients (k) and high
quality factors (Q) was discussed. The k vs. Q tradeoff is an important factor to take into

consideration in the design of integrated transformers for high speed applications. This
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issue is further accentuated by the relatively small values of inductances and capacitances

required for multi-GHz applications.
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Appendix A
An Alternative Transformer-Based Oscil-

lator Topology

This appendix discusses Straayer’s resonator topology which is presented in

[5] and [12]. This topology is somewhat more complicated than case 3 in the previous
chapter because it achieves the increase in Q by means of two separate LC tanks employ-
ing two varactors. Issues involving the matching of the two varactors and LC tanks are
bound to arise with this resonator architecture.

The analysis will be conducted by means of two alternative methods. The first
method will use the same simplifications employed in the analysis of the oscillator in
case 2 discussed in Chapter 5. It should be noted that this analysis leads to conclusions
which are inconsistent with the results obtained from SpectreRF simulations of the oscil-
lator in case 3 shown in Figure A-1 below. An attempt will be made to account for this
inconsistency. This analysis is included here for completeness and to show how a
method of analysis which applies to a particular resonator topology may not apply to an-
other.

The second method of analysis is based on the work in [12]. The discrepancy be-
tween the result of this second method of analysis and SpectreRF simulations will also be

discussed.
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A.1 Case 2: LC Oscillator with Transformer-Based Resona-
tor which includes a passive secondary LC tank.

The transformer-based oscillator shown in Figure A-1 is similar to the oscillator
discussed in Straayer et al [5]. While the design in [5] is complementary because it uses
both NMOS and PMOS devices, the oscillator in Figure A-1 uses only PMOS devices to
reduce the device noise introduced by these active devices. The oscillators in Figure A-1
and [5] are similar because they both have a secondary tank that is completely passive.
In other words, one of the windings of the transformer used in the resonator is not con-
nected to the active devices but left floating. The electrical isolation of this winding from
the rest of the circuit is an obvious contrast to the topology considered in Section 5.3
which had both windings of the transformer connected to the differential pair PMOS

transistors. This fact will be used in the analysis which follows.

vdd
T
40/0.18 ;]}———-——]if 35/0.18

30/0.18 30/0.18

parasitic cap 0
at node = 80fF
ir
0.36¢F @ 657mA
assw{%” H “é Tl

N

.-="" 2.60hms 127.4pH 1274pH "~

~

," 2.60hms .\
! 509.6nH ;

. .

Figure A-1: Transformer-based LC VCO with passive secondary LC tank.
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A.1.1 Calculation of the Effective Q of the resonator

Consider the simplified model of the transformer-based resonator in Figure A-2.

Secondary tank Primary tank Equivalent circuit

(2) (b)

Figure A-2: Equivalent circuit of transformer-based resonator

When the secondary tank is at resonance, the impedance due to the capacitance, C,, and
inductance, L, will cancel out. Thus, only the resistance, R, is reflected into the primary

tank as shown in the equivalent circuit of Figure A-2b. From this equivalent circuit, the

impedance in series with the inductor is given by

(A.1)

x +(k2R| —j Jz (1+£2 )R+ 0™k RC2 - jok’RC,

K R*C2

|C,
For the values of R, C,and L, which occur in practical oscillators, @’k*R*C3,

@’k*R’C? and wk’R*C, are relatively small and can be ignored in (A.1). Thus, the ef-
fective impedance in series with the inductor is approximately (1 +k? )R . In essence, the
primary tank reduces to an inductor, L, + M in series with a resistance, (l + kz)R . The

Q-factor of this structure is calculated below:

If L,=L;=L and C, =C, = Cthen M =k\[L,L; = kL

0 cooLe,f _o(+K)L 14k )Q
case2 ~ eff - (1+k ).R (1+k2) casel

where O

(from Chapter 5)

asel

76



The coupling coefficient, k = 0.8 remains the same because the same transformer which

was used in the oscillator topology in case 2 will be used here. Given that Q___,=7.69.

casel
the quality factor of the resonator is calculated as,

_ (1+0.8)

= *7 .69 =8.44
2~ (1+0.82)

Qo

This quality factor is lower than the expected value of 13.85 which was obtained in

case 2.

A.1.2 Oscillator Design

Once again it is desirable to design this oscillator with exactly the same operating point
and specification as the two previous topologies to facilitate easy comparison. Using a
methodology similar to that used for the design in case 2, an inductor size was selected to
set the equivalent parallel resistance to a value that makes the amplitude of oscillation 2V
when the tail bias current is 6.57mA. The value of capacitance is chosen to set the reso-
nant frequency to 5GHz.

Iy

swing

=2V and 1,5 = 6.57mA (same as case 1 and case 2)

V.
Then, R,; = ——%=304Q

BIAS

2 2
Also,R, =R, =R, ,O.,..,=R, ,*844 =R, , =4268Q
where R, ., is the effective series resistance in the tank.

R = (l +k? )RL,case2 = Ry er =260

Since for and inductor, inductance, L, scales linearly with series resistance, R,
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RL,caseZ 2 6

L L =1.259nH * ———=0.637TnH
5.142

casel
L,casel

=1.15nH

case2 T

L,=[+k)L

casel

1

rom f = ———=
Jrom Jo 27JL,;C

The active device network which was used in case 1 will also be used for the oscillator

= 5GHz,C = 0.881pF

topology in case 2.

A.1.3 Phase Noise Calculation

The parameters calculated above are now used to calculate the phase noise in the output
of the oscillator using Rael’s phase noise expressions as was done for case 3 in Section
53.

Resonator Noise

kTR ’
L(Af, = 20MHz)= NN, —ZL (—fO——J =5.52*107'¢
Vo \20M,

where N, =2; N, =4
Vo =Vewme =2V

Tail Current Noise

2
32 kTR, ( f. 3
L(Afo=20MHz)=?7gm,A,LRef,—VOT— f&f; =1.23*107"

where y = noise factor =2.5;8, 1an = & puos = 6.58mS

Differential Pair Noise

2
L(Af, = 20MHz)= 32’:5“13 k; f (2 szf ] =1.76*10"
0 0 0

LTOTAL(Afo = 20MHZ) =5.22%107°+1.23%107"° +1.76*107
=3.51*10"
Phase noise = 10log(Lyora, (4, = 20MHz))=—144.6 dBc/ Hz
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The above results were checked by simulating the circuit of Figure A-1 in
SpectreRF. The phase noise obtained from the simulation was -152.2dBc/Hz at 20MHz

offset with the center frequency = 5.06GHz.

A.2 Analysis of results

The results obtained for case 1 and case 3 are compared in the table below:

Phase Noise (dBc¢/Hz) @ 20MHz offset
with a SGHz center frequency
Case 3 Case 2

Hand Matlab

calculations analysis
Calculated -148.8 -144.6 -148.9
Simulated -152.6 -152.2 -152.2
(SpectreRF)
Relative 3.8 7.6 33
Difference (dB)

Table A-1: Summary of results obtained in case 2 and case 3 topologies of the LC
oscillator.

The results presented in the table above show that the hand calculated value of
phase noise for case 3 is significantly larger than that of case 2. This is because of the
difference in the Q-factors of the resonators in the two topologies. But SpectreRF simu-
lations show a close agreement between the phase noise of the two topologies. Further-
more, the phase noise obtained from the SpectreRF simulations of case 2 is significantly
smaller than the value calculated using the Rael’s phase noise expressions. These dis-
crepancies between the phase noise derived from hand analysis and that obtained from
SpectreRF simulations presents an obvious problem. Although the magnitude of the
phase noise obtained from SpectreRF simulations is what would be expected if the Q of

the tank is increased by a factor of (l + k) =1.8 (as in case 3 of Chapter 5), the amplitude
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of the output signal is what would be expected if the Q of the tank is increased by a

(1+k)

smaller factor of m=l.l. The oscillator in case 2 was designed to have an output
+

signal amplitude of 2V assuming that the Q was increased by the smaller factor of 1.1.
This assumption was verified from the amplitude obtained when the oscillator was simu-
lated in SpectreRF. In contrast, the phase noise obtained from the same SpectreRF simu-
lation is significantly smaller than would be expected for this lower value of Q. If the
phase noise from the SpectreRF simulation of case 2 is compared to that obtained in case
3, it would appear the higher value of Q = 13.85 must be correct to explain the improved
phase noise performance. Thus, these results present a clear contradiction.

An ac simulation of the transformer-based resonator was done in SpectreRF to

calculate its quality factor. The circuit in Figure A-3 below was used in the analysis.

impedance R R

|
AAN
-
lpe =C L

Figure A-3: Test circuit used to determine the Q of the transformer-based resonator.

200m |
> :
=~ 1@@(7’1:_
.09 & s R " ; N
100M 1G 106G

freq ( Hz )
Figure A-4: Impedance plot of transformer-based resonator
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The impedance plot in Figure A-4 was obtained by taking the ratio of the voltage to the
current at the terminals of the ac current source, /,,. The Q-factor was calculated from
this impedance plot using the 3-db bandwidth definition.

_ center frequency _ 5*10°

0= - = = =13.9
3dB bandwidth  3.58*10

When the phase noise of the oscillator was recalculated using the higher Q-factor of 13.9,
the value obtained was -148.9 dBc/Hz at a 20MHz offset from the center frequency of
5GHz. This value is close to that obtained from SpectreRF simulations.

This simulation does confirm the fact that the Q of the transformer-based resona-
tor is actually increased by the factor of (1+k). The problem with this conclusion is the
fact that the output amplitude of oscillation is lower than would be expected for this lar-
ger value of Q. This assertion is clarified by calculating the expected output signal am-
plitude using the higher Q-factor of 13.85.

*
I BIAS RP

where I, = tail bias current

swing

and R, = equivalent parallel resistance
R, =R, ..*0" =2.6*%13.85" =498.7Q

=V, e =6.5TmA*498.7Q2 =328V

swing
This calculated value of the output swing is greater than the value of 2V obtained from
the SpectreRF simulation.

The oscillator in Figure A-1 was re-simulated in SpectreRF using the same trans-
former specifications as the oscillator in case 3 of Section 5.3 except that the secondary
or passive tank was made lossless so that no resistance is reflected into the primary tank
connected to the active device network. Thus, the inductance and resistance of the pri-

mary and were 0.388nH and 1.585(Q2 and the corresponding values for the secondary tank
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were 0.388nH and 0.001Q (= 0) respectively. The results of the simulation showed that
the amplitude of oscillation was 2V which is the expected magnitude when the Q-factor
of the transformer winding is increased by a factor of (1+k) as in case 3. This result indi-
cates that the now “ideal” passive “floating” LC tank no longer loads the primary tank.
Thus, an apparent conclusion which can be drawn from this result is that the passive
“floating” LC tank loads the primary tank and thus reduces the Q-factor of the resonator.
This further shows the obvious discrepancy between hand analysis and intuition versus
SpectreRF simulations.

It appears a more subtle reason needs to be proposed to explain this apparent dis-
crepancy. One thought is the fact that the previous analysis approximates the transformer
network as a second order system. This is essentially not accurate because the system is
fourth order owing to the presence of four storage elements. An analytical proof of the
fact that the transformer-based resonator’s Q increases by the factor (1+k) is shown in
[12]. The key conclusions from the electrical analysis done in that paper are presented
below:

Consider the simplified model of the transformer-based resonator network in Fig-
ure A-5:

Port 2 Rs Rp Port 1

ﬁ:]-[:CsM Ls%l Lp CpT

Secondary tank Primary tank

44— 7Zin

Figure A-5: simplified model of transformer-based resonator tank
Writing KVL for the primary and secondary tanks, the following expressions are ob-

tained:
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Vi=joL, I, +R, I, + joMI,

V,=jwLld, +RI, + joMI,

where V], V,are the voltages across C,,C, and /,,/, are the
currents in the primary and secondary tank respectively.

Using simple circuit analysis, the expression for the impedance of the circuit looking into

port 1, Z, is given by,

(M2 -L 1)+ L2 v R R+ L R +@L R, ——2
© “LL )RR 4| LR+ oLR, ——F

in

Rp . 2 2 Lp ].
R ~aC,| LR, + 0Lk, ~—2-|+ laC,| (M -LpLs)+F+RPRS +al, -~

At resonance, the imaginary component of the impedance, Z,,= 0. Furthermore, for the

values of resistance, capacitance, and inductance encountered in practical oscillators, the

resistances R, R, have no effect on the resonant frequency and can be ignored. Impos-

ing this constraint on the equation above, the resonant frequency becomes:

(z,c,+1.c)+\lL,c, +L,C.P +4c,C(M? -L,L,)
v 20,C,(M*-L L)
(z,c,+1.c)-|lL,c, +L.C.}+ac,clm?-L,L,)

2C,C,(M*-L,L )

Cl)z_

2-—
a, =

If the transformer-based resonator is symmetric, C, =C, =Cand R, =R, =R. Thus,

the expression for the resonant frequencies simplify to,

2 1 2

1
o =——— and o, =———
" (L+M)C P (L-M)C
Substituting the values of @’ and @; into the expression for Z, above,

L+M d L-M

~ Y ——
~ ~

in,1 n in,2
2RC 2RC
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Finally, the Q of the transformer-based resonator is calculated based on the phase slope

formula, O = 52)—2—2—
9 - tan—] Im(zm)
Re(Zin)
26 _2AL+M)+RC
ool e g+ RS
~0 . ao(L+M)
AT e R
but M =kL
1+k)olL
Ql o | :( R)a)l
O me

Thus, the calculation above proves that using a transformer-based resonator increases the
Q of the tank by a factor of (1+k). This analysis is verified using the bode plot of the
equivalent impedance of the transformer-based resonator shown in Figure A-6. The Q of

the tank is calculated using the 3-db bandwidth definition,

_ center frequency @,  2x(5*10”

€ =3 4B bandwidth A (5.19-4.83)*10°

=13.88

Once again, the phase noise can be recalculated using the same procedure as de-
scribed in Section A.1.3. The phase noise obtained was -148.9 dBc/Hz at a 20MHz offset
from the center frequency of SGHz. This value agrees with the results from SpectreRF

simulations of the oscillator in Figure A-1.
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Figure A-6: Bode diagram of the equivalent impedance of the transformer-based
resonator.

Unfortunately, this still does not explain the apparent discrepancy discussed ear-
lier in this section. Although the above calculation proves that the Q-factor of the trans-
former-based oscillator is increased by a factor of (1+k), this does not agree with the
results obtained from SpectreRF simulations. It appears that analyzing the current prob-
lem from an energy storage perspective may explain or eliminate this apparent discrep-

ancy. This method of analysis could be the subject of future work.
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