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Abstract

The voltage-controlled oscillator (VCO) is a commonly investigated circuit due to its use in phase-
locked loops (PLLs) and clock and data recovery circuits (CDRs). A common VCO architecture is the ring
oscillator. Despite its widespread usage, the ring oscillator still poses difficulties when it comes to design,
analysis and modeling. The design of aring oscillator involves many trade-offs in terms of speed, power,
area and application domain. For the designer to make informed decisions regarding these trade-offs, an
accurate method to determine the frequency of oscillation of the ring oscillator is necessary. One way to
determine the oscillation frequency is to simulate the circuit using a numerical simulator, such as hspice.
Although the oscillation frequency predicted may be accurate for the exact circuit simulated, there is no
clear way for the designer to know how to improve the circuit. The designer does not know which circuit
elements are controlling the oscillation frequency, and the effect design changes will have. The designer
can find some basic trends by running hundreds of different simulations, but even then, the effect of each
part of the circuit may not be clear.

An alternative method of design is to generate an analytical equation for the oscillation frequency of
the VCO. An analytical equation will contain terms based on circuit and process parameters. The circuit
parameters can show the designer what trade-offs are possible based on design changes such increasing the
power dissipated. The process parameter components of the equation can be used to determine the limits of
the VCO for a given technology. This can be very important if a high frequency VCO is required, or if the
designer wishes to determine how the frequency limits of the VCO will change with scaling.

Several equations exist to predict the oscillation frequency of a ring oscillator based VCO. These
equations differ due to varying assumptions and simplifications made in their derivations. As aresult, their
predictions vary, even for the same circuit. Also, the derivations are generally done making many
assumptions that don’t hold over wide parameter variations. In some cases, it is not clear what values to
use for certain parameters, such as some parasitic capacitances, as they may be time-varying. Therefore, a
general method to derive an analytical equation for the oscillation frequency of aring oscillator is needed.
This method should have the capability of including many parasitics and second order effects.

A new method to generate an analytical equation for the oscillation frequency of a ring oscillator will
be described in this thesis. The majority of previous methods are based on finding the delay through each
stage of the ring oscillator. This method differs in that it generates a system of equations which can be
reduced to one equation where the only unknown is the frequency. Solving the equation will result in a
closed-form analytical equation for the oscillation frequency. The new method will be described, and
further explained with an example. Additional equations will be derived as more parasitic and secondary
effectsareincluded. The frequency limits of the example topology will also be determined. The results are
verified through comparisons with measurements from atest chip.

Experimental results show that the equation derived using the proposed method predicts the

oscillation frequency with an average error of 8% over a wide range of parameter variations. The results



also show that inclusion of the gate resistance in the model is very important in predicting high frequency
operation. The proposed method alows the inclusion of the gate resistance of the differential pair in the
oscillation frequency equation. The equations derived also show that the frequency reduction due to

parasitic capacitancesis higher than previously reported.
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Chapter 1

Introduction

1.1 Motivation

The voltage-controlled oscillator (VCO) is a commonly investigated circuit due to its use in phaselocked
loops (PLLs) and clock and data recovery circuits (CDRS) [1]-[7]. The architecture of the VCO falls into
two main categories: the ring oscillator and the LC oscillator. Although LC oscillators have superior phase
noise performance compared to ring oscillators, ring oscillators still have numerous advantages. They
generaly require a relatively small area and can be more easily integrated with digital CMOS circuits,
reducing cost. Also, they have a wider tuning range than LC oscillators, making them more robust over
process and temperature variations. Despite its widespread usage, the ring oscillator still poses difficulties
when it comes to design, analysis and modeling.

The design of a voltage-controlled oscillator involves many trade-offs in terms of speed, power, area
and application domain. For the designer to make informed decisions regarding these trade-offs, an
accurate method to determine the frequency of oscillation of the VCO is necessary. One way to determine
the oscillation frequency is to simulate the circuit using a numerical simulator, such as hspice. Although
the oscillation frequency predicted may be accurate for the exact circuit simulated, there is no clear way for
the designer to know how to improve the circuit. The designer does not know which circuit elements are
controlling the oscillation frequency, and the effect design changes will have. The designer can find some
basic trends by running hundreds of different simulations, but even then, the effect of each part of the
circuit may not be clear.

An alternative method of design is to generate an analytical equation for the oscillation frequency of
the VCO. An analytical equation will contain terms based on circuit and process parameters. The circuit
parameters can show the designer what trade-offs are possible based on design changes. The process

parameter components of the equation can be used to determine the limits of the VCO for a given



technology. This can be very important if a VCO with a high oscillation frequency is required, or if the
designer wishes to determine how the frequency limits of the VCO will change with scaling.

Several equations exist to predict the oscillation frequency of aring oscillator [6], [8]-[11]. These
eguations differ due to varying assumptions and simplifications made in their derivations. As aresult, their
predictions vary, even for the same circuit. Also, the derivations are generally done making many
assumptions that don’t hold over wide parameter variations. In some cases, it is not clear what values to
use for certain parameters, such as some parasitic capacitances, as they may be time-varying. Therefore, a
general method to derive an analytical equation for the oscillation frequency of aring oscillator is needed.
This method should have the capability of including many second order effects and parasitics.

A new method to generate an analytical equation for the oscillation frequency of a ring oscillator will
be described in this thesis. The majority of previous methods are based on finding the delay through each
stage of the ring oscillator. This method differs in that it generates a system of equations which can be
reduced to one equation where the only unknown is the frequency. Solving the equation will result in a
closed-form analytical equation for the oscillation frequency. The new method will be described, and
further explained with an example. Additional equations will be derived as more parasitic and secondary
effects are included. The results are verified through comparison with oscillation frequency measurements

from silicon. The frequency limits of the examp le topology will also be determined.

1.2 Contributions

The key contributions of thiswork are:

1. A new method to generate a closed form analytical equation for the oscillation frequency of aring
oscillator. The method can be used on a variety of delay stage topologies. The method can also
account for parasitics, including time-varying parasitics, and second order effects. The extent to
which these effects should be included can be decided upon by the designer.

2. Analytical equations for the oscillation frequency of a common ring oscillator topology have been
generated using the proposed method. Each subsequent equation takes into account additional
parasitics and secondary effects. The equations including the additional effects more closely
predict the actual oscillation frequency than do existing equations. The highest order equation
also accurately predicts trendsin the oscillation frequency as afunction of design parameters.

3. A test chip in a 0.18m CMOS process to validate the proposed method and derived oscillation
frequency equation.



1.3 Thesis Organization

Chapter 2 will discuss important concepts related to VCOs. It will discuss common application of VCOs.
It will discuss the two main VCO architectures, which are LC oscillators and ring oscillators. It will
discuss important VCO parameters such as phase noise and tuning range. The relative performance of LC
and ring oscillators will then be compared with respect to these parameters. Chapter 3 introduces and
describes the new method of generating an equation for the oscillation frequency. First, the steps are
outlined. This is followed by a detailed example for a common ring oscillator topology. Chapter 4
expands on the example by showing how parasitic and secondary effects can be included. These include
time-varying capacitances and RF effects, such as the gate resistance. The chapter will also show how the
equations can be used to determine an expression for the maximum oscillation frequency of the ring
oscillator. Chapter 5 compares the frequency measurements from the test chip with the frequencies
predicted by the equations derived here. It also compares these results with existing equations. Chapter 6

will conclude thisthesis.



Chapter 2

VCOs

2.1 Introduction

The voltage-controlled oscillator (VCO) is a commonly investigated circuit due to its use in phase-locked
loops (PLLs) and clock and data recovery circuits (CDRs). The architecture of the VCO falls into two
main categories. the ring oscillator and the LC oscillator. Although LC oscillators have superior phase
noise performance compared to ring oscillators, ring oscillators still have numerous advantages. They
generally require a relatively small area and can be more easily integrated with digital CMOS circuits,
reducing cost. Also, they have a wider tuning range than LC oscillators, making them more robust over
process and temperature variations.

The VCO is a useful circuit because its oscillation frequency can be set to a desired value. The

governing equation for aVCO isgivenin (1).
fvco = fO + KVCOVC'(rI (l)

In (1), fo is the center frequency of the VCO. It is the frequency & which it will oscillate with no external
control. It is also referred to as the free-running frequency. Kyco is the gain of the VCO that controls how
much a change in control voltage will change the VCO’sfrequency. Vi istheinput to the VCO that setsit
to the desired frequency. Itisthistunability that makesthe V CO such an important and useful circuit.

This chapter will discuss important background information regarding VCOs. It will describe some of
the common applications of VCOs, focusing on the use of VCOs in phaselocked loops (PLLs). It will
describe the two most common V CO architectures: LC oscillators and ring oscillators, as these two circuits
oscillate based on very different principles. Important VCO parameters such as phase noise and tuning
range will also be explained. These parameters must be considered when choosing a VCO architecture.

Therelative performance of LC and ring oscillators will then be compared with respect to these parameters.



2.2 Applications

One of the reasons the VCO is a commonly used circuit is because it is a key component of a PLL. A
typical PLL isshowninFigure1l. The purpose of aPLL isto create an output signal which oscillates at the
same frequency as the input signal. When the PLL is in lock, it works as follows: The phase detector
produces an output whose dc value is proportional to the phase difference between the input signal and the
VCO output. The loop filter is alow pass filter than attenuates the high frequency variations in the phase
detector output so that the VCO input signal is dc. This dc input to the VCO then controls the oscillation
frequency of the VCO so that its frequency is equal to that of the input signal.

Once in lock, the PLL tracks small changes in the input frequency. If the frequency of the input
signal increases, the phase difference between the input signal and the VCO output will increase, which
will increase the dc output of the phase detector and loop filter. Therefore, the input into the VCO will
increase, and its frequency will increase to match the increase in the frequency of the input. It is possible
that the VCO frequency will increase over the desired value and then decrease to the desired value, asthe
loop won't regain lock until the VCO frequency equals the input frequency and the static phase error has
settled to its proper value[12].

input
signal
—_— output
Voltage P
Phase — Loop ——p» Controlled signal
Detector Filter .
Oscillator

-

Figurel: Block diagram of a phaselocked loop

A PLL can beused in avariety of applications, many of which are in the realm of communications. A
PLL can be used in a clock and data recovery circuit, as shown in Figure 2 [13]. In such a system, the data
is sent without a clock reference, and therefore the receiver must determine the frequency of the incoming
data, and when to sample the data to recover it. The PLL can be used to determine the frequency of the
incoming data and generate a clock at the same frequency at the VCO output. |f there are small changesin
the input frequency, the PLL can also track these changes so that it continues to optimally sample the data.
For example, if the data input speeds up, the zero crossings of the data will lead those of the VCO, which
will increase the control voltage to the VCO, which will increase its frequency to match that of the
incoming data. The clock generated by the VCO and the data can both go into a decision circuit, which
will use the generated clock to sample, and then determine the value of the data.

The properties of the VCO can have a large impact on the performance of the CDR system. One
important characteristic of the VCO in this application is the tuning range, as it is crucia that the VCO



frequency can be varied to exactly equal the frequency of the incoming data. The phase noise generated by
the VCO also has a large impact on the bit-error rare (BER) of the CDR system. The transfer function of
the phase noise from the VCO to the output takes the form of a high-pass filter. Therefore, any fast
changes in phase generated by the VCO will be transferred to the output. The phase noise can be reduced
by increasing the loop bandwidth of the PLL. However, increasing the loop bandwidth will increase the
phase noise transferred from the input to the output. Therefore, the designer must find a tradeoff between

minimizing noise from the input and minimizing noise from the VCO.

Decision Data,,
| -y .
Circuit
A
lf |
Data,, - |
| Phase ~| Charge ~ | Low-Pass g C;/r?:tri?led L | recovered
etector um ilter :
| D > Pump - Fil - e clock
Oscillator
! |
-—— 5% /2 -
PLL

Figure2: CDR architecture based on a PLL

A PLL can also be used in a frequency synthesizer, as shown in Figure 3. A frequency synthesizer
can be used to generate an accurate local oscillator (LO) whose frequency can be changed in small steps to
select different channels. This ability is required in many wireless receivers. In this circuit, a divider is
used in the feedback path so that f,;=Nef,s;. To see why f,;=Nsf,¢s , NOte that the two phase detector inputs
must be at the same frequency for the PLL to achieve lock. In this case, the two inputs are at frequencies
fres and fou/N. Therefore, fo:=Nsf . In order to select adifferent channel, N can be changed. For example,
in a DECT (Digital Enhanced Cordless Telecommunications) receiver, the VCO must be able to sweep
from 1.884 GHz to 1.9 GHz and the channel spacing is 1.728 MHz. Therefore, if ffis set to the channel
spacing of 1.728 MHz, different channels can be selected by varying N from 1090 to 1099 [10]. In a
wireless system, the phase noise of the VCO is an important characteristic, as it can result in down-
converting power from an adjacent channel into of the desired signal band. This is further explained in

section 2.4.1
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Figure 3. Block diagram of afrequency synthesizer

2.3 VCO Architectures

A key property of aVCO isthat the output frequency is alinear function of the control voltage, as shown in
(1). There are many circuits which can provide this behavior, most of which can be divided into two main
architectures. the ring oscillator and the LC oscillator. These two architectures achieve oscillations based

on very different principles, aswill be described here.

2.3.1 Ring Oscillator

A ring oscillator is comprised of a number of delay stages, with the output of the last stage fed back to the
input of the first. To achieve oscillation, the ring must provide a phase shift of 2p and have unity voltage
gain at the oscillation frequency. Each delay stage must provide a phase shift of p/N, where N is the
number of delay stages. The remaining p phase shift is provided by aDC inversion [14].

The most basic ring oscillator is simply a chain of single ended digital inverters, with the output of the
last stage fed back to the input of the first stage. This circuit is shown in Figure 4. Note that to provide the
DC inversion, an odd number of stages must be used. To see why this circuit will oscillate, assume that the
output of the first inverter isa‘0’. Therefore, the output of the Nth inverter, where N is odd, must also be
‘0. However, thisoutput is also theinput to the first inverter, so the first inverter’ s output must switch to a
‘1. By the samelogic, the output of the last inverter will eventually switchtoa'1’, switching the output of
the first inverter back to ‘O’. This process will iepeat indefinitely, resulting in the voltage at each node

oscillating.



Figure4: Ring Oscillator using Single Ended Inverters

To determine the frequency at which this circuit will oscillate, assume that the delay through each
inverter isty. The signal must go through N inverters, each with delay ty, for a total time of Nsty, to obtain
the first p phase shift. Then, the signal must go through each stage a second time to obtain the remaining p
phase shift, resulting in a total period of 2N<ty. The frequency is the reciprocal of the period, resulting in

the frequency shown in (2).

1
2N X,

2

To make this circuit useful, the oscillation frequency must be controllable. As seenin (2), the only
parameters that affect the frequency are the number of stages, N, and the delay per stage, ty. It isdifficult to
implement a circuit that can vary the number of stages in the ring. Therefore, b make this oscillator
voltage-controlled, ty must be variable. One way to control the delay is to control the amount of current
available to charge or discharge the capacitive load of each stage. This type of circuit is called a current
starved inverter and is shown in Figure 5 [15]. The maxinum charge and discharge current is now
controlled by the current source of value lig. |f Viont iS increased, |y increases, which in turn increases the
current through M3 and therefore reduces the time to discharge the load capacitance of the next stage.
Since the current through M, mirrors the current through M;, the charging time is also decreased.

Therefore, an increase in Vo reduces ty and thereby increases the oscillation frequency.
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Figure5: Current-Starved VCO
A single-ended VCO such as that in Figure 5 suffers from a large problem in that it is susceptible to
common-mode noise. To aleviate this problem, many VCOs use a differential delay stage, as illustrated in

Figure 6. Also note that a VCO using differential delay stages can have an even number of stages if the

feedback lines are swapped.

> T> s

Figure6: Ring Oscillator with Differential Delay Stages

A common topology for a differential ring oscillator involves a source-coupled pair driven by a
current source and with a resistive load. An example of this circuit is shown in Figure 7. Assume that
initially Vi, islarge and negative. This means that all of the current is flowing through M, so that there
will be a voltage drop across the resistor, R,. There is no current through M1, so there is no voltage drop
across Ry. Therefore, Vot is positive. As Vi, crosses zero in the positive direction, the current is switched
from M, to M;. The increased current through M, increases the voltage drop across the R, and the
decreased current through M , decreases the voltage drop across R,. As aresult, Vo Switches and becomes
negative. Since Vo is connected to the input of the next stage, it switches aso. As in the single-ended
delay stage, if the feedback results in a DC inversion, and the gain of each stage is sufficient, the circuit

will oscillate. To first order, the oscillation frequency of this ring oscillator is given in (3), where C_ isthe



load seen at the output of a stage and Vg, is the peak to peak voltage swing of Vi, and Vo [8]. Assuming

the current fully switches, Vs, isequal to Iss*R.

©)

Figure7: Differential delay stage

However, we would like to make the oscillation frequency voltage-controlled. The parameters that
affect the frequency are given in (3). The number of stages and load capacitance are normally constant,
which leaves Isg and Vg, as possible variables. Note that if Isg is increased, to first order, Vg, will increase
proportionally and the frequency will remain constant. Also, it is often desirable to maintain a constant
voltage swing during operation. It is problematic to have avariable swing because if the swing is small, the
jitter will be increased, and if the swings are large, a higher supply voltage is needed for differential
operation [16]. Therefore, a circuit is needed such that, if Iss is varied, \4, remains constant, and the
freguency varies with lss. This can be accomplished with the circuit shown in Figure 8, which is based on
[8land [17].
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Figure8: VCO with replica biasing

In the delay stage in Figure 8, the resistor is replaced with a PMOS transistor with a variable gate voltage,
which acts similarly to a variable resistor. The resistance of a PMOS transistor operating in the linear

region is given by (4). Note that the resistance can be changed by varying Vgs.

1

R=-
gnllcox¥qvgs|_ |th|_ |Vds

U (4)
k

The VCO works as follows. As shown in (3), the frequency will increase as the tail current increases.
Therefore, to increase the frequency of the circuit in Figure 8, V¢ should be increased such that ks
increases. However, this increased current through the linear PMOS load will increase the voltage swing.
This will cause the non-inverting input of the opamp to drop, causing the output of the opamp to also drop.
This will decrease the equivalent resistance of the PMOS load, reducing the swing. Due to the feedback
loop, the opamp output voltage will decrease until the differential input voltage is zero. At this point, the
PMOS bias voltage will be such that the voltage swing has returned to the desired level, set by \ker
Therefore, the tail current increases and Vg, remains constant, meaning that the frequency will increase.

Another common method to control the frequency is through delay interpolation [18]. In this method,
a fast path and a slow path are placed in parallel, and the total delay is a weighed sum of the two paths.
The delay is changed with a differential control voltage, which increases the gain of one path and decreases
the gain of the other. Thisis conceptually shown inFigure9 [16]. A circuit based on this concept is shown
inFigure 10 [7].

1
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Figure10: VCO with delay interpolation




Note that there are two control voltage in this circuit, Veoarse @nd Viine. Veoarse Will have a large VCO
gain and its primary purpose is to make large adjustments to the frequency to account for process and
temperature variations. Vjine Will have a much smaller VCO gain and will be used to fine tune the VCO
frequency once it has been set close to the desired value by Voarse-

This circuit operates similarly to that of Figure 7, where M; and M, form the NMOS source-coupled
pair with resistive loads R and R. However, the delay of this circuit is controlled through delay
interpolation. The fast path to the output is through M; and M, and the slow path is through the delay
element and then Ms and Mg. The gains of these two paths are controlled through Veogrse @nd Viine. First,
note that the gain of a resistively loaded source-coupled pair is gnR [19]. Also note that g, increases with
increasing tail current, and therefore the gain of each stage can be controlled by controlling its tail current.
The tail current through the fast path is mirrored from My; and M 15 and the tail current for the slow path is
mirrored fromM 1, and Myg. If Voase iNCreases, the current through M4 will increase and increasethe gain
of the fast path. At the same time, the current through Mg will decrease and decrease the gain of the slow

path. Therefore, the oscillation frequency will increase.

2.3.2 LC Oscillators

LC Oscillators are based on the principle that for an ideal inductor and capacitor resonant tank, there exists
afrequency at which the average energy stored in the inductor and capacitor are equal and the total losses
in the drcuit are zero. Under these conditions, the circuit can sustain oscillations. This can be shown for

the parallel LC tank structure shown in Figure 11.

o S ==

Figure1l: Parallel LC Circuit

The average magnetic energy stored in the inductor, Wy, is given by (5) and the average electric energy
stored in the capacitor, W, is given by (6) [20].

|2 1
w?L

-1
W, = 4|v ()
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W, _4|v| C (6)

Setting (5) and (6) equal and solving for w gives (7), the oscillation frequency.

W=

1
Jic ()

However, ideal inductors and capacitors are not physically realizable and thus there will always be aloss.
This results in the equivalent circuit shown in Figure 12, where the loss is represented by the resistor, R.

Thislosswill cause the oscillations to die out.

gl_ . © R

Figurel12: Parallel L C with losses

Therefore, an element with an equivalent negative resistance is needed to cancel out these losses so that

oscillation can be sustained, as shown in Figure 13.

% L . C R -R

Figure13: LC Oscillator with Negative resistance to cancel 10sses

In a monolithic LC oscillator, this negative resistance can be realized with the use of active devices. For
example, the resistance seen between the two drains of a cross-coupled differential pair is-2/gm [13]. The
circuit is shown in Figure 14. Note that the value of R should be less than 2/gy, to begin, and then sustain,

oscillations.
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Figurel14: LC oscillator with active devices

Although this circuit will oscillate, to make it useful, the oscillation frequency must somehow be
controlled.  The frequency of oscillation is given by (7), where the only variables are L and C. The
inductor will normally be implemented as a spiral inductor, and is not tunable. Therefore, a variable
capacitance must be used. This can be implemented with a reverse biased pn-diode or a MOS varactor. In
either case, the capacitance is varied by varying a voltage which varies the width of the space charge

region, which varies the capacitance of the region. An LC tank VCO using a varactor is shown in Figure
15.

T

ctrl

Figure15: LC Tank VCO using varactors
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2.4 Important VCO characteristics

When choosing a VCO architecture and topology, there are many important characteristics which must be
taken into account. The relative importance of these characteristics usually depends on the target
application. The characteristics can be placed into different categories. In the noise category, there are
jitter and phase noise. In the frequency category, there are the tuning range, the maximum frequency and
the predictability of the frequency over process and temperature variations. In the manufacturing category,

thereisthe ease of integration with digital CM OS circuitry, and again, the effect of process variations.

2.4.1 Phase Noise and Jitter

One of the most important characteristics of a VCO is its phase noise in the frequency domain, which
corresponds to jitter in the time domain. If the VCO is used in a wireless application, the phase noise can
cause ajacent channels to be down-converted into the desired signal band. If the VCO is used to sample

data, thejitter will affect the sample point and could degrade the signal-to-noise ratio (SNR).
The output of an ideal sinusoidal oscillator is of the form given in (8) where A is the amplitude, wy is

the oscillation frequency and f is an arbitrary phase reference.
Vou(t) = A xcos(wot +f) ®)

However, the output of a practical oscillator will be of the form given in (9), where A(t) and f(t) are now

functions of time due to internal and external noise sources.
Vou(t) = A(t) xcos(w,t + £ (t)) ©)

The amplitude fluctuations will be significantly attenuated due to the amplitude limiting mechanism that is
present is any practical stable oscillator, and can be neglected. This mechanism is particularly strong in
ring oscillators [9]. Therefore, the only fluctuations are phase fluctuations, which correspond to the phase
noise. A definition of phase noise, in dBc/Hz, is given in (10) and isillustrated in Figure 16. It istheratio

of the power in a1 Hz bandwidth at an offset from the carrier of Dw, divided by the power of the carrier.

L{Dw} = 1O>409§P5ideband(\,:)o +Dwl HZ)E w0
e carrier u
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Figure 16: Illustration of Phase Noise

Phase noise can cause problems in wireless systems, as illustrated in Figure 17. It is desired to use a
local oscillator (LO) to down-convert a signal. However, the LO is not ideal, and an adjacent channel is

down-converted such that its skirts overlap the desired signal, causing significant interference.

unwanted
signal
_ (adjacent
desired channel)
signal T

N
N

Downconverted
Signals

Figurel7: Effect of Phase Noise on Down Conversion

Phase noise in the frequency domain can be related to jitter in the time domain. Jitter is variationsin

the zero crossings of thesignal, and isillustrated in Figure 18.
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Figure 18: Jitter on a clock

One example of the effect of jitter isin a data recovery system, as illustrated in Figure 19. Jitter degrades
the performance of this system in two ways. First, there will be jitter on the transmitter end, which is
shown in the figure as data jitter. There will also be jitter on the sampling clock, which will be from the
output of aVCO on thereceiver end. The combined effect is that the sampling clock won’t sample the data

at the optimal point in the data eye, which will degrade the SNR, which will in turn degrade the BER.

data

jitter  sampling
clock
jitter

Figure19: Effect of jitter on data recovery

2.4.2 Frequency Characteristics

The frequency related characteristics of a VCO are the tuning range, the maximum frequency and the
predictability of the frequency over process and temperature variations. The tuning range of aVCO isthe
range that the oscillation frequency can be varied from its center frequency. For example, if a VCO with a
center frequency of 1.9 GHz could be varied from 1.8 GHZ to 2.0 GHz, it would have a tuning range of
10.5%. The tuning range can be important for two reasons. The first is that if the VCO isto beused in a
system which has alarge possible range of incoming frequencies, the tuning range should encompass them.
This might occur in a chip which is designed to work with multiple standards. The second reason tuning
range is important is related to the predictability of the VCO. That is, how close the actual center

frequency will be with respect to the designed center frequency, as it can vary substantially due to process
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variations. Therefore, if the center frequency can vary substantialy, a large tuning range is necessary so
that the VCO will oscillate in the desired frequency range.

The maximum attainable frequency of a VCO architecture is also important in high speed systems.
As internet traffic increases, it is desirable to increase the serial datarate. Therefore, high-speed VCOs are
needed for data recovery circuits. The issue of VCO speed will be discussal further in section 2.5.2,

comparing the maximum frequency of LC and ring oscillators.

2.4.3 Manufacturability

To reduce overall system cost and complexity, it in often desired to design an entire system, including
analog and digita circuitry, on a single chip. Therefore, the ease with which the VCO can be integrated
with other circuits is important. For example, the digital circuitry can create substrate and supply noise, so
it is important that the VCO be able to reject this noise. Also, the physical size of the VCO is important, as

alarger VCO will correspond to alarger die size, which will correspond to a higher cost.

2.5 Ring versus LC VCO

When choosing a VCO architecture, one must determine the specifications related to the VCO
characteristics described above, and then decide whether a ring or LC VCO would better suit the

application, as they each have their strengths and weaknesses.

2.5.1 Phase Noise

Phase noise is often the most important specification that must be met when choosing a VCO architecture.
If excellent phase noise characteristics are required, an LC VCO will usually be necessary. Two of the
main parameters related to phase noise are the attainable quality factor of the oscillator and the oscillator’s
ability to reject supply and substrate noise.

The quality factor, Q, of an oscillator is related to the loss of the circuit, and a common definition is

givenin(11).

energy stored
=2
Q=2p energy dissipated per cycle )

The relationship between Q and the phase noise is given in (12). This relationship shows that a higher Q
reduces the phase noise.
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An LC oscillator will have a higher Q than aring oscillator. The reason can be seen by analyzing the
energy storage and dissipation during a cycle. In anideal LC oscillator, the energy will transfer between
the inductive and capacitance elements with no loss, resulting in an infinite Q. In a practical LC oscillator,
there are losses associated with each element, such as series resistance losses in the inductor, but energy
still switches between the two reactive elements. However, in aring oscillator, the energy is stored in the
equivalent capacitance of the next stage, and the energy is fully charged and then discharged every cycle.
As shown by the denominator of (11), this characteristic substantially reduces the Q. Typical Q values for
aring oscillator are about 1.3 to 1.4 [21]. The Q of an LC tank can be about an order of magnitude higher
[22].

A second reason why ring oscillators have poor phase noise performance is seen by analyzing the
oscillator as atime-varying system. The system istime-varying in that the effect of injected noise on phase
depends on the point in the cycle at which the noise is injected [9]. Thisis shown in Figure 20 [9]. When
the impulse is during the peak, there is an amplitude shift, but the phase remains the same. When the
impulse is during the transition, there is a phase shift that persists over time. This is a problem in ring
oscillators, because the device noise is the highest during transitions, which is the worst case scenario in

terms of phase noise performance.
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Figure20: Effect of impulse during peak and transition

A third issue regarding phase noise is the oscillator's ability to reject supply and substrate noise.
Differential ring oscillators have superior performance in this respect over LC tank oscillators. One reason
for this superiority can be traced to the form of supply and substrate noise. Because these noise sources

have a strong correlation, the noise will affect each stage of the ring oscillator similarly. As aresult, only
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noise in the vicinity of integer multiples of Nwy affects the phase [26]. Also, in differential ring oscillators,
the control voltage is usually made to be differential, rejecting common mode noise. However, in most LC

tank oscillators, the control voltageis single ended, and therefore more susceptible to noise.

2.5.2 Maximum Frequency

A second specification is the maximum frequency of the VCO. An LC tank has a higher maximum
attainable frequency than a ring oscillator. As shown in (7), the oscillation frequency of an LC tank is
inversely proportional to the square root of L and C. The value of these elements can be made extremely
low, and therefore the frequency of the tank very high. However, active devices are still needed to
maintain oscillation, and can limit the frequency. An oscillation frequency of 50 GHz using an LC tank
VCO was reported by [23]. The maximum frequency of a ring oscillator in CMOS is much lower.

According to [7], the maximum frequency of a 3-stage ring oscillator driving a buffer in 0.18um CMOS is
7 GHz. An expression for the maximum frequency of a ring oscillator is derived in section 4.5 and
suggests 9 GHz.

2.5.3 Tuning Range

As discussed previously, a high tuning range is often needed, whether to account for process variations or
to work with multiple standards. If a high tuning range is needed, a ring oscillator should be used. As
discussed in section 2.3.1, there are numerous parameters that can be varied to change the frequency of the
ring oscillator, and many of these parameters can be varied over a wide range. The tuning range for ring
oscillators can reach over 50% [7], [24]. However, typically, the only parameter varied in a monolithic LC

tank isthe capacitance of the varactor. Thistendsto result in atuning range of lessthan 20% [25].

2.5.4 Manufacturability

There are two issues related to the manufacturability of the VCO. These are how easily the VCO can be
integrated into a monolithic solution, and how much the center frequency will vary over process
parameters.

A ring oscillator is preferred if die areais a large concern. Monolithic inductors can occupy a large
area, which corresponds to higher cost. However, the center frequency of aring oscillator can also vary by
more than an LC tank due to process variations. Even with this larger variation, ring oscillators are still

more likely to be able to be used at the desired frequency because of their wide tuning range.
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2.5.5 Summary

Table 1 summarizes the relative strengths and weaknesses and ring and L C oscillators by marking an ‘ X’ to

show the oscillator with superior performance for each category.

Tablel: Summary of Ring vs. LC Oscillator

Ring Oscillator | LC Oscillator
Phase Noise X
Maximum Frequency X
Tuning Range X
Manufacturability X




Chapter 3

Method

3.1 Introduction

Despite its widespread usage, the ring oscillator still poses difficulties when it comes to analysis and
modeling [16]. The design of a voltage-controlled oscillator involves many trade-offs in terms of speed,
power, area and application domain. For the designer to make informed decisions regarding these trade-
offs, an accurate method to determine the frequency of oscillation of the VCO is necessary. One method to
determine the frequency is with the use of an analytical equation, which can provide substantial insight.
The designer can use the analytical equation to determine which circuit parameters have the largest effect
on frequency, and which parameters need to be optimized to meet performance specifications. To achieve
the same results with a numerical simulator, hundreds of simulations may need to be run, without the
designer ever really understanding the effect of each circuit parameter. If the analytical equation contains
process parameters, then the designer can determine the benefits or drawbacks of scaling. There are
numerous CAD programs that can perform symbolic analysis of analog circuits, such as ISAAC
(Interactive Symbolic Analysis of Analog Circuits) [27] and Analog Insydes [28]. These programs can
produce analytical equations for many useful circuit characteristics such as the CMRR, PSRR and poles
and zeros. However, these programs do not find an analytical expression for the frequency of oscillation of
acircuit.

In this chapter, a novel method to derive an analytical equation for the oscillation frequency of aring
oscillator will be described. The chapter will also discuss existing equations and the methods in which they
were obtained. The method proposed here will then be illustrated with an example. The example will then

be expanded on to account for more parasitics and secondary effects in the next chapter.
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3.2 Existing VCO Frequency Equations

As described in section 2.3.1, aring oscillator is comprised of a number of delay stages, with the output of
the last stage fed back to the input of thefirst. To achieve oscillation, the ring must provide a phase shift of
2p and have unity voltage gain at the oscillation frequency. Each delay stage must provide a phase shift of
/N, where N is the number of delay stages. The remaining p phase shift is provided by a DC inversion.
This means that for an oscillator with single-ended delay stages, an odd number of stages are necessary for
the DC inversion. If differential delay stages are used, the ring can have an even number of stages if the

feedback lines are swapped. Examples of these two circuits are shown inFigure 21.

a)

TST>T1>

>

b)

Figure21: a) single-ended ring oscillator b) differential ring oscillator

The most common way to determine the frequency of oscillation of the ring is to assume each stage

provides a delay of ty. The signal must go through each of the N delay stages once to provide the first p
phase shift in a time of Nety. Then, the signal must go through each stage a second time to obtain the

remaining p phase shift, resulting in atotal period of 2Nety. Therefore, the frequency of oscillation, f, is

1
2Nt

13

The difficulty in obtaining a value for the frequency arises when trying to determine tq, mainly due to the
non-linearities and parasitics of the circuit. The value also depends on the topology used for the delay
stage. This paper will focus on differential delay stages, such as the one shown in Figure 22. Even with a
circuit that appears as simple as this one, many assumptions and simplifications are necessary to obtain a
valueforty. Therefore, numerous equations exist for determining the oscillation frequency of aVCO, each

derived with a separate set of assumptions and simplifications. Most of these derivations use acommon set
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of parameters, which are listed in Table 2. The following derivations are al for ring oscillators with
differential delay stages, such asthat in Figure 22.

Table2: Delay Stage Parameters

Iss Tail current used in the delay stage

Vaw Peak to peak amplitude of the voltage waveform
N Number of delay stagesin the VCO

ty Delay of each stageinthe VCO

R Load resistance of the delay stage

C L oad capacitance of the delay stage

Figure22: Type of delay stage assumed for equation derivations

Weigandt’'s derivation [8] assumes that each stage is separated by an ideal buffer. The ideal buffer
switches when its differential input crosses zero, at which point it initiates switching of the next stage. This
is illustrated in Figure 23. Based on this assumption, 4 is found by dividing the total change in the
differential output voltage, \4y, by the differential slew rate, ks/C., resulting in a delay per stage of
C. Van/lss. Using this definition and (13), the oscillation frequency is given by (14).

l'ss

f=-—=_ (14
2N>C V,,
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Figure23: Timing diagram for Delay stages with ideal buffer sbetween stages

A similar approach is taken in [9]. First, arelationship is found between the rise time and delay, as
shown in Figure 24. The figure shows that § is equal to ht;, where t is the risetime and h is a
proportionality constant. h is found to be about 0.9 for differential ring oscillators. Next, an expression
must be found for t,. t; is defined as gmadlss, and gmax is defined as G Vg,. Combining these expressions

with (13) gives(15). Thisisequivalent to(14), except for the proportionality constant, h.

lss

f=e— S 1
2hN >C,V,, 4
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Figure24: Relationship between rise time and delay

A different method is used in [10], which models the delay stage as an RC circuit. In this case, the
PMOS load is assumed to be biased in the triode region, acting as aresistor. The delay time is defined as
the time between zero crossings. Zero crossings occur at the midpoint of the voltage swing, which is at
Vbp-Vaw/2. To calculate the time between zero crossings, it is assumed that the circuit can be treated as a

first order RC circuit. Note that the output voltage of an RC circuit can be given by (16).

-t

VOUI (t) = VOU'[ (flnd )+ [VOUt (Ir]l‘tld ) - VOUt (flnd )] >eRC (16)

In this case, Voy(initial) is Vpp and Voye(final) is Vbp-Vsw. We are interested in the zero crossing of the

differential output voltage, and therefore set Vou(t) to Vop-Vsw/2. Substituting these values into (16) and
solving for t givesty as shownin(17).

t, =R, C, %{n(2) 17

Substituting (17) into (13) gives the expression for the frequency, as shown in (18).

_ 1
" 2NR,C, #n(2)

(18)
Notethat R, isequal to Vs, /lss. Making this substitution results in the frequency eguation shown in (19).

|
f= = (19)
2NV_C, #n(2)
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Therefore this method results in an expression of the same form as the previous two methods, (14) and
(15), with the only differences being a constant.

However, note that in this derivation, the delay timeis defined as the time between zero crossings. To
derive tq, the time for the output to go from Vpp to Vpp-Vasu/2 is calculated. This assumes that for the zero
crossing in the positive direction, the output switches to Vpp as soon as the differential voltage crosses
zero. Sincethereis actually adelay, this method will overestimate the frequency.

A more accurate method would be to find the delay such that the input and output waveforms have
equal rise times. This was attempted by [11], who approximated the input as a ramp function. Then, an
expression for the ratio of the delay, tq, to the RC time constant, t, was found. This expression resultsin a
nonlinear function, so aclosed form solution was not found. Therefore, numerical fitting was used and it
was found that tq = 0.8t. This resulted in the frequency equation given in (20). Cyqn ad Cyy correspond to
transistors Ny and N and Cyq, and Cgypp correspond to Py and P, inFigure 22. G, isthe input capacitance of

the next stage.

1
+ Cdbn + ngp + Cdbp + Cin)

f= '
2N>0.8xR, (C 29

gdn

Other frequency equations also exist. For example, [6] gives the frequency equation in (21) where q
N+1

is P . However, aderivation or asource for this equation is not given.

tan
f= —q (1)
2pRC
These equations produce different frequency values for the same circuit and are not able to account for all
effects that one may encounter in scaled geometries. The novel method introduced here can be used on a
variety of ring oscillator topologies and can take into account many secondary and parasitic effects ignored

by the derivations presented in thissection.

3.3 Proposed Method

Although the derivations described in section 3.2result in avariety of different equations for the oscillation
frequency of a ring oscillator, they all share one magjor step in common. This commonality is that the
derivations attempt to find an expression for §, and then substitute this value into (13). The method
proposed here differs in that an expression for iy is not found or required. Instead, equations are formed

and eguated that result in a final system with one equation and one unknown, where the unknown is the
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frequency. The frequency can then be solved for in term of circuit and process parameters, resulting in an
analytical expression for the frequency. The new method will be described here, and it will also be
illustrated using an example.

The key assumption made in the new method is that the input and output voltage waveforms of a
delay stage are sinusoidal, with frequency, f. Although the output of a ring oscillator will not be purely
sinusoidal, the frequency domain representation of the output of a practical ring oscillator shows that it isa
reasonable assumption [7], [21]. The actual error will be based on the voltage difference between an ideal
sinusoid and the actual waveform. The accuracy of the results shown section 5.3 also show that this is a
reasonable assumption. Once the input voltage has been defined, the output voltage can be found as a
phase shifted version of the input voltage, where the phase shift is a function of the number of stages.
Expressions for currents throughout the delay stage can then be found in terms of these voltages. These
currents can then be equated using Kirchoff’s Current Law (KCL), which states that the sum of currents
entering anode is zero. This can reduce the system of equations to one equation with one unknown, the
frequency. This equation can then be solved for the frequency, resulting in an equation in terms of circuit

and process parameters. This processisoutlined inTable 3.

Table3: Outline of steps for proposed frequency derivation method

Step

1 Define the input voltage as a sinusoid with unknown frequency, f.

2 Define the output voltage as a phase shifted version of the input voltage.

3 Determine expressions for currents flowing in and out of the output node in terms of the voltages
defined in Steps 1 and 2.

4 Determine the capacitance seen between the output node of one stage and the input of the next.
Define the current that charges (discharges) this capacitance.

5 Use KCL to create an expression for the current defined in step 4 in terms of the currents defined in
Step 3.

6 Create an expression relating the change in voltage on the capacitance defined in Step 4 and the
current charging (discharging) this capacitance, also defined in Step 4.

7 Determine valid time ranges for all expressions.

8 Substitute the expressions from Sep 1 to 5 and 7 into the expression determined in Sep 6 and
solve for the frequency

These steps will now be explained in more detail through an example. The example will use the
topology shown in Figure 25 for the delay stage. Thistopology has been chosen for the example because it
is commonly used in practice [17], [29]. It is aso convenient for comparison purposes, as this topology

was used in the derivationsin [8], [10] and [11] that were just described. A differential topology has been

28




chosen because it is used more often that single ended stages due to its ability to reject common mode

noise.

Figure25: Delay Stage topology for example

3.3.1 First Order Example

In this example, assumptions will be made that will simplify the analysis and help to describe the method.

Some of the assumptions will be removed in Chapter 4 to generate a more accurate equation.

Step 1: Definetheinput voltage as a sinusoid with unknown frequency, f.

For a source-coupled pair as shown in Figure 25, the tail current, Iss, will switch between Ny and N,. When
al the current is through N, Vou+(t) will rise to Vpp, as there is no voltage drop across P,. When all the
current is through N, there will be a voltage drop of Vg, across P, and therefore Voi+(t) will be Vpp-Vay.
This output voltage is the input voltage to the next stage. Based on these criteria, the input voltage
waveforms, Vin+(t) and Vin.(t), are given in (22) and (23), in terms of the unknown frequency, f. Vin:(t) and

Vin.(t) will be 180° out of phase. These voltages are shown in Figure 26.
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Figure 26:

Step 2: Definethe output voltage as a phase shifted version of the input voltage.
Because we are using a ring oscillator, we know the phase shift between stages. As stated in section 2.3.1,

each stage of the ring must provide a phase shift of /N radians. However, because Vo (t) is on the same
half circuit as Vin.(t), thereisa also a DC inversion. Note that as Vi,.(t) increases, more current is steered

through P, which acts as a resistor, and therefore V,«(t) drops. Therefore, the total phase shift from

Vin+(t) to Vou+(t) isp/N + p, or p(1+1/N) radians, resulting in the expression for Vou:+(t) in(24). The output

1/f 2/f

Input voltage waveforms

voltage waveform is shown in Figure 27.
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31



Step 3: Determineexpressionsfor currentsflowing in and out of the output nodein

terms of the voltages defined in Steps 1 and 2.

By defining the input and output voltages in steps 1 and 2, expressions for the currents flowing in and out
of the output node can be found. For this derivation, we are only concerned with the half circuit, as the
circuit is symmetric. Therefore, the output node is at Vo+(t). The currents related to this node are shown

in Figure 28. The currents shown here are for afirst order analysis.

VDD
Vour+(D)
out R % |R(t)
gdp | |
e
ngp(t) lcm(t)
in
blas —_

L E l ) ==

Figure28: Currentsfor KCL

First, we must see how we went from the circuit in Figure 25 to the circuit elements and currents of
Figure 28. As mentioned previously, we are only concerned with the half circuit, due to symmetry. The
PMOS load transistor, Py, has been replaced with a resistor, R, and capacitance, Cyqp. Pi is biased in the
linear region, and therefore the resistance is relatively constant with changes in Vjs. This resistance is
modeled in Figure 28 as R. This assumption is removed in section 4.2, and this resistance is made to be
time-varying. Also, because P, isin the linear region, there is a gate-drain capacitance. The capacitanceis
called Cyqp and is equal to YAWL Cyy of P;. There is no gate to source capacitance because both nodes are at
small signal ground. N is not replaced with any models, but the current source is removed and is
accounted for by the expression for the current through Ny, which is a function of lss. The capacitance
between the output node and the input of the next stageis called C,.

Now, an expression for the currents related to these circuit elements must be determined. The

expression for Ig(t) is givenin (25).
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| . (t) — VDD B I;/out+ (t) (25)

The current necessary to charge (discharge) Cyqp, lcgap(t) is givenin (26).
x— (Vbias - Vout+ (t)) (26)

Some difficulty arises in determining the drain current in the differential pair transistors, lg(t). The current
through N; is a function of the tail current, lss, and the differential input voltage, Viq(t), where

Vig(1)=Vin+(t)-Vin.(t). Therefore, asderived in [19], the drain current, Igs(t) is

| r‘nnCox
ls(t) =22+ W Vi) (27)

It is very important to note that (27) is only valid for certain values of Vig4(t). The differential input voltage
steers current between Ny and N,. However, as \y(t) increases, the maximum current that can flow
through N; is lss. Also, as Viq4(t) decreases and the current is steered through N, the minimum amount of

current that can flow through N is 0. The relationship between Viq(t) and I 45 is shown in Figure 29.

ls4/2

f f Via
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Figure29: lgsVvs. Viq for adifferential pair

The range for which (27) isvalid is given in (28).



(29)

If Viq is below the left side of this relation, Igs is equal 0, as al the current is flowing through N,. If Vg is
higher than the right side of this relation, lys is equal to Iss, as al the current is flowing through N;. This
range will become important in subsequent steps. This range can be easier to visualize using Figure 30.
Note the voltage lines showing where Viq crosses over the ranges defined in (28). On the right side of the
diagram, the value for I4s through N; is shown for each region.
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Figure 30: Theexpression for lgs isa dependant upon Vg

Expressions for al currents shown in Figure 28 have been determined, except for Igin(t). Thisis because it

is the current charging up the capacitance between the output of one stage and the input of the next. This
current will be defined in Step 4.

Step 4: Determine the capacitance seen between the output node of one stage and

theinput of the next. Definethe current that charges (discharges) this capacitance.
For the delay stage used in this example, the capacitance seen at the output node looking into the input of
the next delay stage is defined as G,. The current charging (discharging) this capacitance is defined as

Icin(t), as shown in Figure 28. G, is the gate capacitance of the source-coupled transistor of the next stage
and is approximately (2/3) WL Cyy.



Step 5: Use KCL to create an expression for the current defined in step 4 in terms

of the currentsdefined in Step 3.

In Step 3, expressions were found for al currents flowing in and out of the output node, except for the
current charging up the capacitance associated with the next stage. This current was defined is Step 4.
Using KCL and Figure 28, an expression can be formed which relates these currents. The expression is

givenin (29).
ICin(t)= I R(t)+ Ingp(t)_ Ids(t) (29)

Step 6: Create an expression relating the change in voltage on the capacitance
defined in Step 4 and the current charging (discharging) this capacitance, also
defined in Step 4.

The voltage and current can be related using the charge-voltage relationship for a capacitor, Q=CV. In this

case, the charge, Q, is theintegral of Igin(t) with respect to time. The capacitance is G,. The voltageisthe
voltage change over the time of integration. Substituting these valuesinto Q=CV resultsin (30).

tn +1

(‘j Cin (t)dt = Cin >(Vout+ (tn+1) - Vout+ (t n )) (30)

th

Step 7. Determinevalid timerangesfor all expressions.
There are two separate time ranges that needto be determined. Thefirstis the limits of integration for (30).
The second is the time ranges in which the current expressions determined in Step 3 are valid.

To determine the oscillation frequency, the integration in (30) should be performed over one full
period of V,u+(t):. However, if this was done in one step, the resulting expression would be 0=0, as both
sides contain periodic functions. Therefore, the integration must be separated into sections where Vo +(t) is
monotonic. Therefore, the period will be divided into 4 sections, each corresponding to a quarter of the
period. The overall frequency expression will be found by averaging the expressions from each equally
weighted section. The times that the first section begins and ends will be defined asty and t;, respectively.
to isthe time at which Vg+(t) crosses the mid-swing point in the positive direction. This can be determined
by equating (24) to the mid-swing value, \bp-Vs,/2. As this function is periodic, there are an infinite
number of solutions. We desire the first solution that corresponds to a paositive crossing of the mid-swing

point. Thissolution for tgisgivenin(31).

L A half period is actually sufficient, aswill be explained later
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N+1
2Nf

t, = (31)

Oncety has been determined, each subsequent timeof interest must be ¥4 of aperiod later. Snce the period
is equal to 1/f, an expression for subsequent integration limitsis given in (32). Note that the magnitude of

the voltage change during each of these time periodsis Vgu/2.

1
t, =t ,+—, Nn=1234 32
I 1 32

n

The second time range of importance is related to the time ranges for which the current expressions
determined in Step 3 are valid. For this case, k(t) and kgyp(t) are valid at all times. As discussed
previously, the range for which the general expression for lys(t) is valid is given in (28). Therefore, the
times at which V4 crosses these limits during a full period must be determined. To simplify the process,
refer to Figure 31. In thisfigure, to to t, are labeled to show the full period of the output voltage, Voyt+, Of
interest. Within this period, the points at which {4 crosses the ranges defined in (28) are also marked.
These times are labeled as ti,, i, t3 and tzp. Determining these times will enable a piecewise expression
for lgs(t) to be used in (30), remembering that Igjn(t) is a function of Iy(t). To determine these times, Vig
should be set to the right side of the relation in (28). Noting that Vig is equal to Vgyesin(2pft) results in
(33), where the time that Viq crossesthislimitiscalled tg.

. _ | 2Hg
Vg, sn(Zpﬂg)— e W 33)
ox L
Solving this expression for t; gives (34).
® :
1 1 24 :
t, =——adn¢ S_+ (34)
2 Ve, L
Lo

It can be shown that the time at which {4 crosses the limits of the relation in (28) can be given by the

expression in (35), where m refersto the m™ Viq zero crossi ng.
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For this case, the times at which V,4 crosses are near the 2% and 39 zero crossi ng, and therefore m =2,3.

Thetimesfor t;,and ty, are given in (36) and the timesfor t3, and ty, are givenin (37).

1
Lia :f_- [
36
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t,, =—-
3a 2f sat (37)
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All times of importance with regards to the limits of integration and the ranges for the expression for l44(t)

are shown inFigure 31.
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Figure31: Figuretodeterminelimitsof integration
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Step 8: Substitute the expressions from Step 1 to 5 and 7 into the expression

determined in Step 6 and solve for the frequency.
This step must be performed for each of the four sections labeled inFigure 31. The limits of integration are
determined by (31) and (32). Icin(t) can be replaced by the expression in (29). After this replacement,
expressions for the currents can be found from (25), (26) and (27), remembering that the expression for
lgs(t) is piecewise. The current expressions contain Vig(t) and Voue«(t) terms.  Vig(t) is equal to Vin+(t)-Vin-
(t), which corresponds to (22) and (23) respectively. Voui+(t) can be replaced by (24). These substitutions
can be easily performed by using a symbolic math tool such as mathcad. There are really only a few
fundamental equations developed which are then related to each other with some substitutions, and this can
be achieved easily and clearly with such atool.

To demonstrate this process, eguations for the first two sections will be shown. For section 1, the
lower limit of the integration is § and the upper limit is t;. The change in V() during this period is
Vaw/2. After substituting for I ¢jn(t) based on the KCL equation, (29), (38) is generated.

4 Vv
dl R (t)"' |ngp (t)' Ids(t))dt = Cin X7SW (38

to

In Step 7, expressions for the currents were determined. The only expression that was piecewise was I (t).
Note that for section 1, Viq is dways below the bottom threshold line in Figure 31, and therefore there is no
current flowing through N1, so 14s=0. Making this substitution gives(39).

u Vv
dl R (t)+ Ingp (t))dt =Ci, x7SN (39

to

After making the remaining substitutions, the equation will contain only one unknown, the frequency, f.
Therefore, solve for the frequency. Again, using mathcad or an equivalent tool simplifies this process, as it

can symbolically solve for avariable. Solving for the frequency for section 1 gives

p-2

f —ly N
' 4 pR(C, +Cy)

(40)

We have completed section 1 and now move on to section 2. For section 2, there are two additional
times labeled between t; and t,. These times, t1, and t;p, correspond to times when Vig crosses the threshold
values corresponding to a new range in the relation given in (28). These threshold crossings mean that the

equation giving lg(t) becomes piecewise. From timet; to ti,, Vig is below the |eft side of the relation, and



therefore 14s=0. From time ti, to typ, lgs iS given by (27). From time ty, to ty, Vig is greater than the right
side of the relation, and thereforelys = Iss. Again, [r(t) and Icqqp(t) have the same expression throughout the
time period. Next, substitute the KCL relation for Igjn(t) from (29) into (30), accounting for the piecewise
nature of Ig(t). Then, note that the change in Vou+(t) for section 2is —Vg,/2. These substitutions result in
(42).

tp tia tap t2 -
Jia 0+ legp (Ot + Ol + ol + it =0, = @

t o] ba tp

The expressions for t; and t, can be found from (31) and (32). The expressions for t;; and ty, can be found
from (36). The current equations can be found from (25), (26) and (27). After completing all substitutions,

the only unknown becomes the frequency, f. Solving for the frequency resultsin (42).

NV, (2- p)+4pl<R
PNV,,R(C;, +Cyy)

1
f,==x
277 (42

The same method can be used for sections 3 and 4 to determine f3 and f;, respectively. Once the four
frequency expressions have been determined, which together represent one complete period of oscillation,
the overall frequency expression can be determined by averaging the four expressions. The final frequency

expression for the VCO isgivenin (43).

l'ss

F= 2NV, (C,, +Cyy)

(43

Note that this equaion is equivalent to (14), the frequency equation derived by [8], suggesting some
validity to this method. Experimental results and a more accurate equation derived in Chapter 4aso
reinforce the validity of the method proposed here.

It should dso be noted that the process of determining the overall frequency expression can be
simplified. Due to the symmetry of the differential delay stage, (43) can be found by averaging only f; and
f,, corresponding to the first half of the period, instead of f; to f,.

As discussed previously, the importance of an analytical equation is that it can show the designer how
circuit and process parameters affect the behavior of the circuit. EQ. (43) shows that the frequency is
directly proportional to the tail current and is inversely proportional to the number of delay stages, the
voltage swing and to the parasitic and load capacitances. A more accurate equation will be derived in the

following chapter.



Chapter 4

Secondary Effects

4.1 Introduction

The frequency equation derived in Chapter 3 is based on several simplifying assumptions. One of the
benefits of the proposed method is that the designer can determine which parasitic and secondary effects
should be included in the frequency derivation. Parasitics can be included by adding these elements to the
model and including the corresponding currents in the KCL expression. Expressions for elements can aso
be made time-varying, since an integration over time is performed. In this chapter, we will remove some
previous assumptions to develop a more accurate expression for the oscillation frequency. Parasitic
capacitances such as junction, side-wall and overlap capacitances will be included. Expressions for
element values will be made time-varying, such as the PMOS load resistance. The gate resistance, which
has an effect at high-frequencies, will also be included. The equations derived here, as well as (43), will
also be used to show how an expression for the maximum oscillation frequency of aring oscillator can be
derived.

4.2 Time-varying resistance

The additional effects will be included one at a time to more easily see the effect they have on the final
frequency expression. The first additional effect will be to make the expression for the PMOS load
resistance time-varying. In section 3.3.1, it was assumed that this value was constant. In reality this
resistance is a function of Vys. Since Vys is afunction of time, this resistanceis also afunction of time. The

expression for the resistance of aPMOS transistor in the linear region is given by (44).
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(44)
For the circuit in Figure 25, |Vgs| = Vpp — Viias @nd [Vas| = Vbp - Vour+(t). Making these substitutions in (44)
gives (45), an expression for the PMOSload resistance as a function of time.

1

(VDD " Viias - |th|' (VDD - Vo (t)))a

R(t) =—

éTlJCOX

w 45)
L

The process described in section 3.3 can be repeated, with the only change being that R in (25), the
expression for Ig(t), isreplaced by R(t), givenin(45). Thisisshown in (46).

Vion - V.t
|R(t): DD R(tout+() (46)

)

If the method is repeated for the first half of the cycle, the expressions for f; and f, result, as shown in (47)
and (48) respectively.

wWél 3 au
C,—a—(Vy- V- Vye- Vg, ) =& -V,- V- =V, &
f ”}3 ox L gzp( dd t bias sw) g dd t bias 4 sw 47)
! Cin +ngp
W él 3 o 1 u |
rrl)cox_e’;g;{/dd - Vt Vbias sz__ _(Vdd - Vt Vblas stv)l;l+ =
= L e4e 4 ] 2p U stw (48)
i Cin + ngp
Averaging f1 and f, gives (49), the oscillation frequency with atime-varying resistive load.
l'ss
(49

F= 2NV, [C, +C)

Note that this equation is identical to (43). Therefore, including the time-varying nature of the equivalent
resistance of the PMOS |load has no effect on the frequency.
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4.3 Parasitic Capacitances

For the derivation of (43), the only capacitances included were the input capacitance of the delay stage, G,
and the gate-drain capacitance of the PMOS load, Ggq,. However, there are numerous other parasitic
capacitances which can affect the oscillation frequency. There is a junction and a sidewall capacitance
associated with each transistor. This is a time-varying capacitance. There is also a gate-drain overlap
capacitance for the NMOS transistors.

The expressions for the parasitics introduced in this section use some hspice parameters, which are
shown in Table 4. The equations use an ‘n” or ‘p’ following these parameters to refer to the NMOS or
PMOS parameter, respectively. For example, Cj, refers to the zero-bias area junction capacitance of a
PMOS transistor.

Table4: hspice parametersfor parasitic capacitances

Cj Zero-bias area junction capacitance

Cjsw | Zero-bias sidewall junction capacitance

Cgdo | Gate-drain overlap capacitance

Pb p-n junction potential

Pbsw | p-njunction sidewall potential

Mj Areajunction grading coefficient

Mjsw | Sidewall junction grading coefficient

Ad Drain area

P Drain perimeter

In the derivation of (43), we ignored the drain to bulk capacitances of all four transistors shown in
Figure 25. These capacitances are due to the reverse biased p-n-junctions between the respective drains
and bulk. These capacitances are a function of the drain voltage. Since the drain voltage varies with time,

these capacitances are also a function of time. This expression for this capacitance [30] is given in (50).

Cj:Ad N Cjsw:Pd

?_,_ Vg (1) Qmj gt_i_ Vg (1) Qmjsw (50
pb g pbsw g

Cyp()=

For the NMOS differential pair, the drain voltage is Vout+(t) and the bulk voltage is ground, meaning that
Vab(t) is equal to \yu(t). Sibstituting this value into (50) gives (51), the time-varying drain-bulk
capacitance of the differential pair transistors.
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Cin ¥Ad, . Cjsw, *Pd,
? Vo 08" &, Vo )0 (51)

Con () =

pb, g pbsw, g

For the PMOS load, the drain voltage is Vou+(t) and the bulk voltage is Vpp, meaning that Vqp(t) is equal to
Vout«(t)-Vpop. Qubstituting this value into (50) gives (52), the time-varying drain-bulk capacitance of the
PMOS load transistors.

Ci,*Ad, i
Cdbp(t)_ J 1p+ Cjswp>Pdp ey
®  Vous (- Voo om(t) Voo O &, Var ()~ Voo 8 (52
; 58w, g

Another simplification made in the derivation of (43) is that the gate-drain overlap capacitance of the

differential pair transistors wasignored. This capacitanceisgivenin(53).

C =W, »Cgdo,, (53)

gdovn

The voltages on both nodes of this capacitance are time-varying, with the gate voltage being Vin.(t) and the
drain voltage being Voui+(t). Since both node voltages are time-varying, the contribution of this capacitance
with respect to the oscillation frequency becomes difficult to determine. Since these voltages are
predefined as Vin+(t) and Vou+(t), the proposed method is able to determine their contribution.

At this point we have removed three of the assumptions made in the derivation of (43), the first-order
oscillation frequency equation. We have made the equivalent resistance of the PMOS load a time-varying
function of Vygs. We have included the drain-bulk capacitances of all four transistors shown in Figure 25.
Moreover, these capacitances are made time-varying. Furthermore, we have also included the gate-drain
overlap capacitance of the differential pair transistors. These three additional effects and the related

currents are shown inFigure 32.
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Figure32: KCL includngadditional effects

The next step is to find expressions for these currents. The expressions for lggap(t), lus(t) and Iz(t) were
found previously and are given in (26), (27) and (46), respectively. The expression for Icgon(t) is givenin
(54).

C yd (Vin+ (t) - Vout+ (t ))
gdovn dt

I Cgdovn (t) (54

To determine the expressions for the current charging Cypn (t) and Cyyp(t), it is important to note that these
capacitances are time-varying, and therefore the relation I(t)=C(dV/dt) does not hold. To derive the correct
expression, begin with the standard charge-voltage relationship for a capacitor, Q=CV, where both C and V
are functions of time. Differentiating both sides with respect to time and noting that dQ/dt is current gives
(55). Notethat if the capacitance is not afunction of time, dC(t)/dt =0, and (55) reducesto |=C(dV/dt).

11)= ()20 8oy -

Eq. (55) can now be used to find expressions for I g (t) and I canp(t), as givenin (56) and (57), respectively.

I Cdbn (t) = Cdbn (t) ydvodu;:r (t) * dcat')tn (t) VOut+ (t) (56)



d(VDD - Vout+ (t)) + dCdbp(t)(

dt dt VDD - Vout+ (t)) (57)

| cabp (t) = Cupp (t)V

We now have expressions for the resistance, the parasitic capacitances, and the related currents, al of
which are time-varying. However, the proposed method can still result in a closed form expression for the
frequency of oscillation. To solve for the frequency, the method isidentical to that described insection 3.3.
In terms of specific values, the KCL equation in step 4 must include the currents added in this section.
Similarly, the new time-varying equations for all currents and parasitics must be substituted. Including

these additional currents, the new KCL eguation becomes the one shown in (58).
lon () =1 () + | coap (t) + | cgdovn (1) - 1 cgpn (D) +1 Cdbp (1) - 14(1) (58

Following the steps outlined in section 3.3, and using some simplifications, the resulting equation for the
oscillation frequency is given in (59). The simplification of the gate-drain overlap term involves ignoring
smaller terms, and is detailed in Appendix A. The simplification of the drain-bulk capacitance effects,
which corresponds to the Cjun and Cjunsw terms, involves using the binomial expansion to simplify the

expression. Thissimplification is detailed in Appendix B.

lSS

f =
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eN gy
Cjun , = 2Cj Ad (65)
Cjunsw , = 2Cjsw Pd | (66)

Eq. (59) shows the contribution of the time-varying parasitics. The drain-bulk capacitances of the
PMOS and NMOS transistors add to the denominator, and decrease the frequency. Increasing \4y
increases the weight of these components. The weighting of the drain-bulk capacitance terms is higher than
in other equations. Other equations use the average value of these time-varying terms, but this method
suggests the actual weighting is about twice that value. Moreover, the gate-drain overlap capacitance is
multiplied by a factor of 1+cos(/N). This factor is equivalent to showing the effect of the Miller
capacitance at this node because the voltages at both nodes of the capacitor, Vin.(t) and Vou(t), are moving
in opposite directions. As N increases, the phase difference of these voltages approaches p, and the value
of 1+cos(p/N) approaches 2, resulting in a doubling of the gate-drain overlap capacitance.

At this point, we have shown that the proposed method, which resultsin (59), is able to incorporate
additional parasitics and secondary effects. These time-varying parameters are easily included in the
frequency equation.

4.4 RF effects

Due to aggressive scaling of CMOS, it has become a viable technology for RF applications. However,
simulating RF circuits with models intended for low frequency applications can create inaccurate results.
The two main effects not included in low frequency compact models that affect high frequency operation
are additional parasitics, such as the gate resistance, and nonquasi-static (NQS) effects.



4.4.1 Parasitics

One of the most commonly used compact models is BSIM3v3. However, the standard BSIM3v3 model
does not take into account parasitics that affect the high frequency behavior of the MOS transistor. It is
generally agreed that at least a gate resistance and a substrate coupling network should be added to the
standard model [31]-[33], as shown in Figure 33.
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Figure 33: Additional parasitics with existing model

The gate resistance, Ry, consists of two parts: the physical gate resistance and the part due to the NQS
effects. The physical gate resistance is due to the poly sheet resistance. The NQS component will be
discussed in the following section, but is related to the finite time for the charge under the gate to react to
the applied voltage. The substrate resistances, Ryng and Ryyps, are the resistances between the drain/ source

junctions and the substrate contacts. These resistances are afunction of the layout.

4.4.2 Nonquasi-static Effects

There is afinite time necessary for the charge in the channel to respond to changes in the bias conditions.
At low frequencies and/or short channel lengths, this time can be ignored, and the charge can be made a
function of the current bias conditions (quasi-static). However, at high frequencies and/or long channel

lengths, the charge is a function of both the bias conditions and the history. To model this finite response
time, a nonquasi-static approach must be taken. This finite response time is related to the distributed effect
of the channel resistance [34]. This resistance in turn increases the effective gate resistance, and thus the
gate resistance is a function of both the physical gate resistance and the NQS effects [35]. This distributed
channel and gate resistances are shown in Figure 34. Ry is the gate electrode sheet resistance and Ry, is

the channel resistance.
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Figure 34: Distributed gate and channel resistance [35]

There are many more complex models to account for all RF effects [33], [36], [37], but a simple model is

sufficient for the purposes of deriving an analytical equation.

4.4.3 Gate Resistance

As discussed in section 4.4.1 and section 4.4.2, extra parasitics and NQS effects should be included as part
of the MOS model to obtain accurate simulation results at high frequencies. Since VCOs are often used in
high frequency applications, it isimportant that RF effects be included in the oscillation frequency equation
derived here. As mentioned previously, the purpose of the analytical equation is for the designer to be able
to easily see the effect of parameters on the oscillation frequency. A complex RF model will result in an
extremely complex equation. Therefore, only the dominant effects will be included. It can be shown that a
strict minimum for an RF model is to include a gate resistance [33], and that is what will be done here. The

delay stage with gate resistance is shown in Figure 35.
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Figure35: Delay stage with gate resistance, Ry.

Notice that the gate resistance affects the circuit in two ways. The first is on the input as the gate
resistance affects the differential input voltage of the source-coupled pair, N; and N,. The second is at the
output. Remember that the important times when deriving the oscillation frequency correspond to when
the voltage on G, crosses the mid-swing point, and then every quarter period thereafter. With no gate
resistance, this voltage is equal to Vo +(t). However, with the gate resistance, the voltage on G, no longer
equals Voue+(t), and the time that the voltage crosses the mid-swing point will shift slightly. This shift must
be determined asit will shift theintegration limits. To seethe effect of the gate resistance on the oscillation
frequency, the effect on the differential input voltage and on the time shift at the output will be dealt with
separately, and then combined. Also, detailed calculations not shown in this section can be found in
Appendix C.

The time shift due to the gate resistance will be determined first. Therefore, the time that the voltage
on G, crosses the mid-swing point, Vgq-Vsw/2, must be determined. The voltage on Gy, iS Vou(t)-lcin(Y)Ry.

Thetime that this voltage crosses the mi d-swing point can be found by solving (67) for to.

Vv

—sw (67)
2

Vous (to)' ICin(tO)Rg =V -

where Voui+(t) is given in (24) and Icin(t) is found through KCL as before. Solving for ty gives (68), where
Coar isasum of all the parasitic capacitances as defined in (69). The details of determining this time shift
can be found in Appendix C.
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Note that if Ry is set to 0, (68) reduces to the previous expression for fp given in (31). With this time shift,

the new expression for the oscillation frequency becomes

& I<R,C
RCor 8 (o 160 (70
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Again, if Ry is set to zero, (70)reduces to (59), the frequency equation derived in the previous section. The
form of (70) is the previous frequency equation without gate resistance, times a factor if 1-x, where x is
small. Thelarger is X, the more the Ry term reduces the oscillation frequency. Also, as Iss increases or Vg
decreases, both of which correspond to an increased frequency, the weighting of this term increases.

Next, the effect of the gate resistance on the differential voltage must be accounted for. It was
previously assumed that the differential voltage was V,,+(t)-Vin.(t). This is no longer the case. Now, the
inputs to the gates of the N1 and Ny, Ving+(t) and Ving.(t), are given by (71) and (72).

Ving+ (t) = Vin+ (t)- Icin(t)Rg (71)

Ving ()= Vi () + 1 (OR 72

A difficulty arises in that Ign(t) is afunction of Vig.(t), resulting in an equation that is difficult to solve. To
solve this problem, first note that the phase of the current into a capacitor has a p/2 phase shift from the
voltage. Since the voltage is a sine wave, the current will be a cosine. Also, the amplitude of the current
can be represented as a fraction of the total tail current, Iss. This fraction is fairly constant, although it isa
weak function of Iss, Vs and N. This fraction will be called I, which simulations show to be about 0.2.
Therefore, (71) and (72) can be rewritten as(73) and (74).

Ving+ (t) = Vin+ (t) - frec I ss COS(prt)Rg (73

Ving— (t) = Vin— (t) + Ifrac ISS COS(prt)Rg (74)



Therefore, the current through Ry is no longer afunction of Vi,.(t). Without gate resistance, the differential
input voltage, Viq(t), was given by Vin.(t)-Vin.(t). With gate resistance, the differential input voltage is now
found as Ving+(t)-Ving-(t), which is shown in (75).

Vidg (t) = Vid (t) - 2l fracl SS COS(prt)Rg (75)

Now that the differential input voltage includes Ry, the osdllation frequency can be derived again. The

oscillation frequency is now given as(76).

I 2z 22Nl IR, ©

TNV, (G 4CL)E T Ve g

(76)

The form of (76) is similar to (70), the equation taking into account the time shift due to R;. They both
multiply the frequency equation without Ry by a 1-x term, where x is small. Again, the weighting of this
termisincreased if |sgincreases or Vg, decreases.

To combine the terms, the two factors derived here will be multiplied. This gives (77), the final
oscillation frequency equation accounting for time-varying parasitic capacitances and a gate resistance,

where G, correspondsto all parasitic capacitances as defined in (69).
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The validity of this epression will be verified in section 53. Eq (77) gives the designer a lot of
information when designing a ring oscillator. Increasing lss and decreasing Vg, Will increase the
frequency, as expected. However, some of the benefits are lost due to the gate resistance. The parasitic
capacitances play an extremely large role in determining the oscillation frequency, and need to be
minimized if a high oscillation frequency isrequired, asit impacts the ocillation frequency in two ways. It
adds to the input capacitance and decreases the oscillation frequency. It also increases the weighting of Ry.
Eq (77) aso emphasizes and quantifies the importance of reducing the gate resistance, asit is highly layout

dependant.

51



4.5 Maximum Frequency

One benefit of finding an analytical frequency equation is that it can be used to determine the theoretical
maximum frequency of oscillation. A frequency limit for the delay stageillustrated in Figure 25 isgiven in

[8], and is shown herein (78).

V
f V )- =
’“aszle_ngs ») 2

(78)

el miY e

where K is made up of the contributions of each of the capacitances at the output. Thisequation showsthe
limits of the architecture in terms of process parameters and circuit parameters. For example, a designer
may see how the maximum freguency is dependent upon a circuit parameter such as N. Alternatively, the
designer can see how the maximum frequency is limited by a process parameter, such as the mobility, m
Similarly, one may also examine how the frequency is modified with technology scaling.

However, (78) does not take into account the required gain per stage to maintain oscillations. The
gain around the loop must be 1 at the oscillation frequency, meaning that the DC gain of each stage must
usualy be greater than 1. A new equation will be derived here which takes in to account the required gain
per stage. EQ. (43), derived in section 3.3.1, is used for this derivation. Furthermore, the maximum
frequency based on (77), which includes additional parasitics, is also given.

To begin the derivation of the maximum frequency, let us assume that the tail current for each delay
stage has a value of Iss. The first requirement is that N; and N, in Figure 25 be wide enough to have Isg
flow through them. Assuming a square current law, the minimum width of the NMOS transistor is given as
(79).

I X

n %rnncox (Vgs - Vt)2 79

Once Iss and W,, are known, the transconductance of N; and N, can be determined. A general equation for
transconductance is given in (80). At the midpoint of the swing, Iss is evenly distributed between N; and
N,. Therefore, Ip can be set to 1sg/2 and W can be set to W ,. These substitutions give (81).

O :1[2|qucox¥ (80)
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gm = \’ ISS”}ICOX VZ“ (81)

Next, a minimum value for the gain of the delay stage must be assumed. Let us call thisvalue a,. The g
must be at least unity to maintain oscillation in thering. Normally this value is designed to be higher than
unity to provide some robustness. The gain of the delay stageis gR, where R is the equivalent resistance
of the PMOSIload. We determined g, in (81) and the designer setsavaluefor a,. Then, theload resistance
can begiven by (82).

R=2 62
9,

Making the assumption that the tail current fully switches, the voltage swing is given by (83).

V,, =l<R 83)
We need to determine the width of the PMOS transistor since it contributes a capacitive load that reduces
the frequency. A general equation for the resistance of a MOS transistor in the linear region is given in

(84).

1

) |th| B |Vds|)

nCyo 2 (v, ®9
L
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In (84), |Vys| can be set to Vpp-Vpias. [Vas| varies between 0 and Vs, so the average value can be taken by
setting [Vgs| to Vsw/2. Solving (34) for W, gives us the width of the PMOS load transistor in (85).

W = L

p

Ve
2

(85

|-O:

n’LCox Rgﬁ/DD - Vbias - |V g

ol

Q

We now have expressions for all the terms in (43), the simplified equation for the frequency. Remember
that G, is given as (2/3)WpLCoxn and Cyqp is equal to (/2)W,LCoyp. After making these substitutions,
substitute (85) for Wy,. Substitute (83) for Vg, and then (82) for R to take into account the gain per stage
requirement. Next, substitute (81) for g Finaly, substitute (79) for W, to have the expression in terms of

only circuit and process parameters. The result gives an expression for the maximum possible frequency of



aring oscillator using the delay stage shown in Figure 25. The expression for the maximum freguency is
shown in (86).

4(VDD - Vbias - |th|)
_ 3m1 (Vgs - th)Y ) (Vgs - th)

2,

N ' . (86)
4NL? 4"/§>av(VDD " Vias - |th|)_ 2xa’ +3ﬂ
m

(Vgs - th)

To maximize the frequency, the number of stages, N, must be minimized. For the delay stage used in
this example, the minimum number of stagesis three. If only two stages are used, each stage must provide

90° of phase shift. However, because each stage contributes only one pole, this requirement cannat be met

[4]. Hence, setting N=3, and substituting typical values for a 1.8V, 0.18mm CMOS process into (86),
results in a maximum frequency value of approximately 25 GHz. This number is much higher than what is
reported in literature. However, this value was obtained using the first order frequency equation. A more
accurate value can be obtained by using (77), aswill be shown later.

Eq. (86) can till give some insight in the frequency limits of a ring oscillator in terms of process and
circuit parameters. As expected, fra IS inversely proportional to N, which is consistent with most existing
frequency equations. In general, frequency is proportional to Iss. However, in (86), lss doesn’t appear.
This is because, as lsg is increased, the minimum value for the width of N; and N, increase proportionally.
The increased width results in extra capacitance which offsets the benefit of the increased current. At the
same time, fna iS also inversely proportional to L2. This suggests that fma should increase substantially
with technology scaling. However, the square relationship is due to the assumption that there is no velocity
saturation. Including velocity saturation would most likely change this relationship from an inverse square
to asimple inverse relationship. In technologies where velocity saturation is not an issue, f; and f have
been shown to have an inverse square relationship with L[8]. However, f; becomes inversely proportional
to L astechnology scales[19]. Since f; and f track with respect to L [38], it is logical to assume that fiax
also has an inversely proportional relationship with L. Eg. (86) also shows that increasing a,, the gain of
the delay stage, decreases fna. Therefore, increased robustness limits the maximum performance. Eq (86)
shows that increasing electron mobility, m, can increase f,ax However, mobility is decreasing with
technology scaling due to increasing vertical electric field. The relationship between f,.» and the overdrive
voltage, Vys-Vin, is also important. Increasing the overdrive voltage can increase the maximum frequency.
However, voltages are decreasing with technology scaling, reducing the benefit of scaling on the maximum
frequency. Plotting (86) with respect to any of its parameters can demonstrate some very interesting
relationships.

A more accurate value for the maximum frequency can be obtained by using the method just
described, but by substituting the values into (77), instead of (43). Eq. (77) takes into account numerous



parasitic effects. The resulting equation is very large, but once obtained, it can be plotted with respect to
any parameter to see how the parameter affects the maximum frequency. Again, using typical values for a

0.18-mm CMOS process, a maximum value for the oscillation frequency of about 9 GHz is obtained.



Chapter 5

Verification

5.1 Introduction

An equation for the oscillation frequency of a ring oscillator has been derived. The result is an analytical
eguation based on circuit and process parameters. The purpose of the equation is to allow the designer to
predict the oscillation frequency and to see the trade-offs between different parameters. It can also show
the trends in the frequency as parameters vary. However, for the equation to be useful, it must accurately
predict the frequency and the trends. Therefore, a test chip was fabricated to verify the proposed method
and the resulting equation. The test chip was fabricated in a 1.8V, 0.18mm CMOS process. |n this chapter,
the test chip will be described and the measurement results will be compared to the frequency values
predicted by the highest-order equation derived here, (77). Comparisons will also be made with existing
equations.

5.2 Test Chip

The oscillation frequency equation contains circuit parameters such as N, Iss and Vg,. Therefore, the test
chip must contain oscillators that can vary these parameters. It is possible to vary lss and Vg, for aring
oscillator, but the number of stages, N, cannot be easily varied. Therefore, numerous oscillators with
different numbers of stages will be needed.

5.2.1 Parameter Variation

The test chip contains 6 different ring oscillators, 5 of which are intended for verifying the method and

eguations, and one which is intended to obtain a high oscillation frequency. The 5 intended for verification



will be discussed here. To maintain consistency between measurements, the dimensions of the transistors
in the delay stage are the same for each oscillator, and the different oscillators vary only in the number of
stages. The numbers of stagesused are 3, 4, 5, 6 and 8.

To vary lss and Vg, external controls are used. To vary lss, the circuit shown in Figure 36 is used.
The resistor Ris an externa 1K potentiometer. Varying this value changes Iy, which is mirrored in the
delay stages. Simulations show that Isg can be varied from 1.0 mA to 5.0 mA over process corners. Itis
important that only one parameter be varied at atime. Since varying lss will vary the swing, it is necessary
to be able to vary the resistance of the PMOS load to keep the swing constant. Therefore, there is an

external bias voltage, Vyias, that can vary the resistance of the PMOS load to keep the swing constant.

VDD

R
(external)

Vi
(Extelrar$1al) ul

Vour(D)
n%

Vin+(t4){
The third parameter to vary is Vsy. Vhias IS @S0 used for this purpose. The only difference is that Isg

Figure36: Control Circuit for Isg

will be kept constant as Vg, isvaried.

5.2.2 Delay Stage Layout

Each delay stage consists of the source-coupled pair, the PMOS load and the current mirror. A schematic

of the delay stage with dimensionsis shown inFigure 37. All dimensions are in microns.
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Figure37: Delay stage with dimensions

The layout of the differential pair was done with reduction of mismatch and parasitics considered at
al times. To reduce parasitics, the transistor is folded into 16 fingers. This was considered an optimum
number because, although alarger number of fingers would reduce the gate resistance and drain-bulk
capacitances, it would have caused issues with regards to the aspect ratio of the delay stage. To reduce
mismatch, a common-centroid geometry was used, asillustrated in Figure 38, where A and B correspond to
fingers of the two source-coupled transistors. Care was also taken to ensure that the two transistors see the
same parasitics. The value for the gate resistance, Ry, that is to be used in (77) is layout dependent. It is

based on the sheet resistance of the gates of the source-couples pair transistors. This value for this layout

was calculated to be 11.9 W.
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Figure 38: Common-Centroid Layout of source-coupled pair
The layout of the PMOS load transistors was done in a similar fashion. It is also common-centroid, but

contains only two rows as each transistor is folded into 8 fingers. The layout for the entire delay stageis

shown in Figure 39.
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Figure 39: Layout of Delay Stage

5.2.3 Test Chip Layout

The chip contains 6 ring oscillators; 2 with 3 stages, and 1 of each with 4, 5, 6 and 8 stages. Due to pad
limitations, many inputs and outputs need to be shared. Therefore, the sharing is done in such a way that
only one VCO will be on at atime. This is done using external row and column select signals, as shown in
Figure 40.
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Figure40: Layout of chip and how row and column are selected

The row is selected by connecting the resistor of the aurrent source of one row to Vpp and the other to
ground. Therefore, only the ring oscillators of one row will have atail current. The oscillators in the row
without the tail current will not be able to oscillate. The column is selected by connecting the Vpp inputs of
the delay stage of only one column to Vjpp, and connecting the other two to ground. Therefore, only one
ring oscillator will have both power to the delay stage and a tail current, and therefore only one ring
oscillator will be on. In Figure 40, the ™ row and the 29 column are selected, meaning that the 3stage
VCO ison and the remaining 5 are off.

Other inputs and outputs are also shared. There is one PMOS load bias signal for each row. Thereis
also one “swing out” output for each row. The purpose of “swing_out” isto determine the voltage swing of
the VCO. Therefore, areplica of the delay stage with the same tail current and PMOS load is used so tha

the maximum swing isknown. The circuit to generate “swing_out” isshownin Figure 41.
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Figure4l: “Swing Out” isgenerated using areplica stage

A micrograph for the test chip is shown in Figure 42. Thetest chip is 1000nm x 1000nm.
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Figure42: Micrograph of Test Chip
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The test board is shown in Figure 43. The test chip has been packaged in a 28-pin Quad Flatpack No lead
(QFN) package.

Figure43: Test Board

5.3 Results

The experimental results show that the oscillation frequency isin good agreement with the values predicted
by (77), the final oscillation frequency equation. The experimental results presented here are average
values of measurements from four test chips. The error bars show the minimum and maximum measured
frequency for each data point. The average error while varying N from 3 to 8, Iss from 2mA to 5mA and
Vg from 250mV to 500mV is 8.2%. A range of the measured data is plotted with the predicted valuesin
Figure 44 to Figure 46. Figure 44 shows the relationship between frequency and Iss for Vg,=350mV and
N=4, 6 and 8. Figure 45 shows the relationship between frequency and Vs, for Iss=3.5mA and N=4, 6 and
8. Figure 46 shows the relationship between frequency and N for 1ss=3.5mA and Vg,=300mV and 500mV.
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These figures show that the frequency equation derived here is able to accurately predict the value of
the oscillation frequency over a wide range of ks, Vg and N values. These figures also show that
including the gate resistance is important to obtain an accurate prediction, especially at high frequencies.
Without including the gate resistance, the equation derived here, (59), and existing equations such as (14),
(18) and (20), suggest that the frequency should increase linearly with the tail current and inversely with
the voltage swing. However, simulationsand measurements show that at high frequencies, this relationship
does not hold. High oscillation frequencies correspond to a high | ss and/or alow Vg

Asthe tail current increases, the gains in frequency are not proportional. Notice that in Figure 44, the
frequency does not increase linearly with Iss. Since increasing the tail current increases the power, this
suggests a diminishing return with increased ks. However, Eq (77) predicts the trend with respect to
increasing lss very accurately, as demonstrated in Figure 47. In Figure 47, the frequency is normalized to
the frequency corresponding to the lowest ks value for both the experimental and predicted results.
Without a gate resistance, other equations suggest that the frequency should have a linear relationship with
Iss. Thisis shown by the simple model line in Figure 47, which begins at 1 and linearly increases to 2.5.
This correspondsto a2.5 timesincreasein lss. However, the experimental results show that actual increase
in frequency for a 2.5 times increase in current is just over 2. Eq (77), which includes the effect of the gate

resistance, very accurately predictsthis actual non-linearity in the frequency-Iss relationship.
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Figure47: Normalized frequency vs. Iss

A similar trend can be found with Vg,. Without the gate resistance, existing equations suggest that
decreasing the voltage swing should have an inverse increase in the frequency. However, as Vg, gets low,
which corresponds to higher frequencies, this relationship doesn’t hold. This trend is shown in Figure 48.
In Figure 48, the frequency is again normalized and plotted against the inverse of the voltage swing. Inthis
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case, Vg Starts at 0.5V (1/Vew=2). Vg then decreases by afactor of 2, to 0.25V (1/Vsy=4). Since the Vg
was halved, a simple model would expect the frequency to double, as shown by the straight line in Figure
48. However, the model with gate resistance predicts, with some error, that the actual increase in frequency

is much less.
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Figure48: Normalized frequency vs. Vgy.

5.3.1 Comparison

As discussed in section 3.2, there are numerous existing equations available to predict the oscillation
frequency. In this section, the final equation derived using the proposed method will be compared with
these other equations. The comparisons are made in Figure 49. Figure 49a) shows frequency vs. Iss for
N=5 and V4,=350mV. Figure 49b) shows frequency vs. Vg, for N=5 and Iss=3.5mA. Figure 49c) shows
frequency vs. N for Iss=3.5mA and \4,=350mV. The results show that the equation derived here, (77),
provides the most accurate results. The differences are due to varying assumptions made in the equations’
derivations. First, all other equations ignored the gate resistance, which has a large effect at high
frequencies. Also, the difference between (77) and (14) is that (14) does not take into account the gate-
drain overlap capacitance. Moreover, (14) does not |et the designer know what values to use for the drain-
bulk capacitances. Eg. (18) has similar issues as (14). This equation also overestimates the frequency due
to the In(2) factor that arises from the assumptions made in the equation’s derivation. Eq. (20) contains
similar parasitic capacitance values as (77). The differences are the Miller effect on the gate-drain overlap
capacitance and the weighting of the drain-bulk capacitances. Moreover, (20) also contains a 0.8 factor

related to the equation’s derivation and seems to overestimate the frequency.



! !

: |

|

5 | simulation
§ 4 —S—new eqn (77)
e eqn (14)

o 4
g3 P i

2 = eqgn (18)

1

0 T T

2 3 4 5
Iss (mA)
a) frequency vs. Iss

7

6 -

5 N measured
§ 4 —o—new egn
o
= eqgn (14)
o —_——
£ 3 ﬁ\@\@.\ | eqn (20)

2 R - ——— eqn (18)

1

0 T T T T

250 300 350 400 450 500
Vsw (mV)
b) frequency vs. Vgy

9

8

7

6 simulation
/I':‘\ 5 —e—new eqn (77)
e 4 egn (14)
o 4 A~
g LN — eqn (20)

eqn (18

, ‘\5\\5\5 gn (18)

1

0 T T T

c) frequency vs. N

Figure49: Equation Comparison for a) frequency vs. Iss b) frequency vs. Vg, ) frequency vs. N



Chapter 6

Conclusions

Ring oscillators are commonly studied due to their use in communications circuits such as PLLs and clock
and data recovery circuits (CDRs). When designing a ring oscillator, an accurate analytical equation for
the oscillation frequency is important. First, the equation can be used to predict the oscillation frequency.
Second, the analytical equation can be used to show the designer the tradeoffs between the circuit
parameters. Also, the process parameters can show the designer the limitations of the circuit and how these
will change with scaling. There are currently numerous equations to predict the oscillation frequency of a
ring oscillator. These equations attempt to find an expression for the delay of one stage, and use this to
predict the frequency. In this thesis, a new method is proposed which, instead of finding an expression for
the delay, assumes a sinusoidal voltage waveform and uses this to create a system of equations which can

be reduced and then solved for the oscillation frequency.

The main contributions of thisthesis have been:

1. A new method to derive an analytical equation for the oscillation frequency of aring oscillator.
The method is able to take into account many parasitics and secondary effects. The parasitics can
be time-varying, such as the drain-bulk capacitance. The gate resistance can also be included as it
becomesimportant at high frequencies.

2. An analytical equation for the oscillation frequency of a ring oscillator based on a common
topology has been derived using the proposed method. The final eguation for the oscillation
frequency of this topology is given in (77). A test setup that varies the relevant parameters over a
wide range results in an average error of 8.2% between the predicted and measured frequency
values. The results also show the importance of including the gate resistance in the model for ring
oscillators with high frequencies of oscillation. The final equation also shows that the frequency
reduction due to the gate-drain overlap and drain-bulk capacitances is higher than previously

reported. The predicted frequencies are more accurate than those of existing equations.
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3. A test chip in a 0.18m CMOS process to validate the proposed method and derived oscillation
frequency equation.
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Appendix A

Simplification of gate-drain overlap

term

This appendix explains the simplification performed when determining the multiplier of the gate-drain
overlap term. In section 4.3, the gate-drain overlap capacitance is included in the derivation of the
oscillation frequency equation. The weighting of this term is found to be (1+cos(/N))*Cyiov. Some
simplification is necessary to result in this simple expression. To more easily show the simplifications,
unrelated terms will be removed from the frequency equation.

If the method is followed as outlined in section 4.3, but with the only additional parasitic capacitance

included being the gate-drain overlap capacitance, f; and f,, as shown in (87) and (88) will be found.

f o= 1, p- 2
1 2 Iy
4 P2 <) .
PREC,, +C +Wandon§+ cosgqig_ dn é@g 87
g éNg  éNggyy
e =1 (2- p)NV,, +4pl <R
2 2 s
4 &® e <40
PNV, REC, +Coyp +WandO“§+ COSEEBQ"' sng‘_)ggi (89
g éNg  éNggy

To obtain an expression for the overall frequency, these expressions must be averaged. Ideally, the final
expression will not contain an excessive number of terms so that the effect of each component can be easily
seen by the designer. However, if these two relatively simple expressions are averaged, the resulting

expression will contain many terms. This is because of a small difference in the denominator. The

. . 0 . 00 . .
denominator for f; contains a §[+ COS(?:GE+- Sngqi—:i term whereas the expression for f, contains a
eNg eN gy
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56
+ cosQ—9+sn¢%£9— term. The sign difference for the sin(p/N) term causes the problem. If the
eNg eN gy

average of f; and f; istaken without any simplification, (89) results.

1+ W, Cgdo ghcosq, +snaep§i ‘Ngei 19 9
_ Cin +Cyyp eN
2NV, @
+ +—2W”ng0” a%m +Cyy, + W,Cgdo,, co @990

C. +C
é in gdp Cin_l_cgdopg eNﬂ%

(89)

To simplify the expression, it is desirable to make the denominator of f; and f, of the same form. To do

this, the following simplifications will be made:

&P o a8 60
+co <-9n ——® + COSC— = (90)
g[ S%Nz gNﬂg S%Ngg
§[+005g —+sng ®§+co (91)
eNg eNﬂz

Therefore, the sin(p/N) term has been removed, making the denominators of the same form. This will first
be qualitatively, and then quantitatively justified. To qualitatively justify this simplification, note that the
ring oscillator in the example, N must be 3 or greater. As N gets larger, the sin(¢) term will decrease and
the cos(*) term will increase, and 1+cos(p/N) will be much greater than sin(o/N). The relative magnitudes

of these terms are shown in Figure 50.

3_
25 ‘/‘_\H‘\H\‘Hﬁﬁ
2 ——r -
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1.5 1 — —A—1+cos(pi/N)+sin(pi/N)
L 1+cos(pi/N)-sin(pi/N)
0.5
0 — —T —T — —

3 4 5 6 7 8 9 10 11 12

N

Figure50: Effect of ignoringthe sin(p/N) term
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For small N's, this difference can be substantial, but as N increases, the error will approach zero. Also,

because the signs of the sin(*) terms are different, some of the termswill cancel themselves, or reduce when

the expressions are combined. With this simplification, f; and f, become:

p- 2

pla

f, =

NG

- 550
RCC +C.. +W. Cgdo. &1+ cosed 0+
p g in gdp n g ng sgNﬂgB

(2- p)NV,, +4pl <R

¥

N

pNVSWRgcin +ngp + Wandongai-'- Coséa_)gg

eN agg
Using these expressions, the new frequency expression becomes:

f= s

2NV, &C,, + C,yy +E1+ cos2 B, Cgdo, 2
§ g eN gy @

(92

(93)

(94)

This expression is much simpler than (89), and the effect of the gate-drain overlap capacitance can be

easily seen. To quantify the error, the error between the predicted frequency using (89) and (94) has been

plotted with respect to N for typical capacitance values.

—

% error

1 \E\
2 \E\
3 —5
—4 T T T T T
3 4 5 6 7
N

Figure51: % error dueto gate-drain overlap simplification
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Figure 51 shows that the error due to the simplification is less than 5% for practical values of N, meaning

that removing the sin(p/N) terms does not cause a large error, but does substantially simplify the analytical
expression for the oscillation frequency, enabling the designer to easily see the contribution of the gate-

drain overlap capacitance.
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Appendix B

Simplification of the junction and

sidewall capacitance terms

This appendix explains the simplification performed for the junction and sidewall capacitance components

of the oscillation frequency equation derived in section 4.3. The weightings of the parasitic capacitance
terms are repeated here for convenience.

& .
Cj,Ad g ; 1 R
Cjun, = Jn ”m 22- rrl'ngl- :ld (95
E“H Ve ¢ a§f+ Voo 2+
pbn B g 8 pbn ﬂ.
& .
Cjsw Pd g ; 1 R
Cjunsw , = Gl o 22- mJ'SNngl- :ld (96)
+ Voo 9 (? ¢ §[+ Voo 8:[;
prNn 6 g 8 prNn ¢
Cjun , = 2Cj Ad 97
Cjunsw , = 2Cjsw Pd (98)

where Cjun, is the area junction capacitance of N; and N,, Cjunswi;, is the sidewall capacitance of N; and
N2, Cjun, is the areajunction capacitance of P, and P, and Cjunsw, is the sidewal | capacitance of P, and P,.

However, some simplification is needed to get the junction and sidewall capacitance terms of the
forms in (95)-(98). Again, the main reason for the simplification is to create an analytical equation that the
designer can use to easily see the effects of these parasitics.
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To explain the simplification, only the relevant terms will be discussed, and not the whole equation.
To begin, the term corresponding to the junction capacitance of the NMOS differentia pair will be
discussed. Without simplification, the junction capacitance results in the term shown in (99) in the

denominator of the frequency equation.

é 0

é ¥

é ,

€ - - M,,, U
2),Ad, &b, + (2 i, v PP+ Moy 75V )

- e : - u

1-m, & apb, +V, 0 o V, 0 u

é x Qpbn +Va- — ~ u

s & P, g G 2 = G

¢ ¢ P

8 o v

This term shows how the junction capacitance is related to parameters such as the voltage swing, Vs, and
the area junction grading coefficient, mj,. However, the form of the equation makes the effects of these
parameters difficult for the designer to see. Therefore, some simplification is needed. Algebraic

manipulation can result inthe from shown in (100)

2G,Ad,(ph,)”

.6 6 o
) g2 mi,)(ph, +Vy, ) ™a- G-
m, g e TR )

This form is useful because the binomial expansion can be used to simplify it. The binomial expansion for
(L £x)"isshown in (101).

L£x)" =1£mx + x? % X3+, (101)

If x << 1, then (101) can be simplified to (102).
(1£X)" » 1+ nx (102)

There are two terms in (100) than can be simplified using the binomial expansion. The simplifications are
shown in (103) and (104).



? 2 pb +VDD); »1_ (_ m n)Z(pbn +VDD)

(103)

(104)

This simplification is valid because Vg, /2(pbn+Vpp) will be about an order of magnitude smaller than 1 for

typical values. Making these substitutionsinto (100) and some algebraic manipulation resultsin (105).

pb,

Cj,Ad,V

O
Swg b +Vdd6 (pbn+vdd)

1-nj 32_ rT‘!n)(pbn -'-Vdd)l_rTjn +
(S

[t eny enid

(pbn + Vdd)

(105)

Further algebraic manipulation results in the final simplified expression for the effect of the junction

capacitance of the NMOS differential pair, given in (106).

CJ nAd HVSW

e

\

N

+

[EEN
=
| IIO
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> > > > (D> (D~
> D D D> D> D
1
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=}
OO Q0 OF
1
e
o2
>
S

Thisisthefinal form used in the oscillation frequency equation.

(106)

To perform the simplification of the sidewall capacitance term, it can be noted that the sidewall term

is of the same form as the junction term. The only difference is that Cj must be replaced by Cjsw, mj by

mjsw, pb by pbsw and Ad by Pd. The sidewall capacitanceterm asit is derived in the denominator is given

in (107), and with simplification in (108).

2Cjsw Pd,

pbsw |+ (2- mjsw, )VDD_

pr'Nn +(2_ ijNn)VDD -

1- mjsw
& poow,

@@ D> D> D> D> M P> (D> D> (D> (D~

apbsw | +V,, 0 0

\Y

pbsw , +V,; - TSW:

pbsw |

DO O VO?B
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. C 1
2- msw ol- ———— .- 108
) ng Vo 60 (108)
?+ U
8 pr’VnﬂéEI

The error in the NMOS sidewall and junction capacitance terms due to this simplification is shown in

+
©
o<
% o
o
>
Q1O
@®D> D> D> (D> D> D~

Figure 52 as a function of Vg, using typical values for a 1.8V, 0.18mm CMOS process. The error in the
junction and sidewall capacitance term is less than 2% for typical Vs, values. Also, since these
capacitances are only a fraction of the total capacitances, the error in the frequency will be substantially
less than 1%.
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/ —&— junction capacitance
1 —a— sidewall capacitance
. /

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Vsw (V)

% error

Figure52: % error in capacitance values due to simplification of junction and sidewall capacitance
termsfor the NMOS transistors

A similar method can be used to simplify the junction and sidewall capacitance terms for the PM OS
load transistors. With simplification, the junction capacitance term appears in the denominator of the

frequency equation as shown in (109).

é u
é u
e G
e u
2Gj,Ad, & b, - (2- mi,)v,, 0
q"."@pbp-pp : mp)r\nfg”a (109)
1-m, & b o Va0 U
é P =577 a
é ——=—7
é é Pb, g
é g 0
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Again, the form of this equation does not make it easy for the designer to see how the parameters affect the
weighting of the junction capacitance term. Therefore, simplification is necessary. Algebraic manipulation
can be used on (109) to obtain (110).

2Cj, Ad, pbp 5" ae 'c')'m-”:J
— 4. 2 m, k1- —I él : U (110)
1- mp g P g [} H

Eq (110) isin a form that can be simplified using the binomial expansion. Note that \s./2ply, will be
amost an order of magnitude less than 1, and therefore the binomial expansion simplification shown in
(102) applies. Thetwotermsin (110) that can be simplified are shownin (111) and (112).

ENUR
& Vv, 9 \
él- 2pbp§ »1- (1 m )Zpb (111)
%- Vou Qmp »1- (— 1 ) Vo (112)
S o, ",

Using these simplification in (110) resultsin (113).

2CJAdpbe @ | ngj
1prr!p : Zm)éllm 20, - ('mp)g'('”lp) 4

Algebraic manipulation if (113) results in (114), a simplified expression for the weighting of the junction
capacitance of the PMOS load transistor.

2Cj,Ad V,, (114)

To perform the simplification of the sidewall capacitance term for the PMOS load transistor, it can be noted
that the sidewall capacitance term is of the same form as the junction capacitance term. The only
difference is that Cj must be replaced by Cjsw, mj by mjsw, pb by pbsw and Ad by Pd. The sidewall

capacitance term asit is derived in the denominator is given in (115), and with simplificationin (116).



2Cjsw ,Pd |

1- misw
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2Cjsw ,Pd V, (116)

The error in the PMOS sidewall and junction capacitance terms due to this simplification is shown in
Figure 53 as a function of \4, for typical valuesin a 1.8V, 0.18mm CMOS process. The error in the
junction and sidewall capacitance term is less than 10% for typical Vg, values. Also, since these
capacitances are only a fraction of the total capacitances, the error in the frequency will generally be less
than 1%.
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Figure53: % error in capacitance values due to simplification of junction and sidewall capacitance
terms for the PMOS transistors
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Appendix C

Simplification of the gate resistance

term

This appendix explains the simplification performed for the gate resistance components of the oscillation
frequency equation derived in section 4.4.3. With simplification, the oscillation frequency, including the

gate resistance, is shown in (117).

€ | R,Z:e C Q
_ s @] - SS9 par (haz_ Né:é_—- EQ ZJ—NI l] (117)
2stw (Cin +Cpar) é sz gcin +Cpar £ e2 p% p Eﬂ

As discussed in section 4.4.3, the effect of the gate resistance is determined from both the effect of the time
shift in the period of the voltage waveform on G, and on the differential input voltage. The two effects are
shown inFigure 54. The simplification regarding the time shift due to Ry will be discussed first.

'lcm(t)

Figure54: Effectsof gateresistance
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With no gate resistance, the voltage on the capacitor G, is equal to Vou+(t). However, with the gate
resistance, the voltage on G, no longer equals Vyui+(t), and time that the voltage crosses the mid-swing
point will shift slightly. This is important because it affects the limits of integration when integrating the
current. Therefore, the time that the voltage at G, crosses the mid-swing point, \ig-Vsn/2, must be
determined. This can be done by solving (118) for tg.

Vouts (to ) - Cin(tO)Rg =Vpp - V7 (118)

where Voui+(t) is given in (24) and Igjn(t) is found through KCL as before. To simplify the expressions, al
the parasitic capacitances will be lumped into a term called C,y as defined in (69). Making the
substitutions into (118) gives (119).

2ft N- N- 19 2ft ,N- N- 1¢
Lo o9y 2pfR,C, cosgepo—gz (119)
o e N a

an

m%$

Solving (119) for to gives (120).

_ pN+p- atan(2pf :R,C, JN
- 2piN

(120)

0
The argument of atan, 2pfRyCp, is much less than 1. If g is small, then atan(q) ™ g. Therefore, (120) can
be simplified to

_PN+p- 2pf :R,C,,N
- 2piN

(121)

0

Eq. (121) can be further reduced to (122), which gives the time that the voltage on G, crosses the mid-

swing point. Thisisthetimeto be used asthe lower limit on the integration of the current.

N+1
0= onr R,Cpx (122)

Note that if Ryisset to 0, (122) reduces to the previous expression for § given in (31). The subsequent
timesto be used in the integration are still separated by a quarter period.

Using the new integration limits, step 8 of the proposed method can be used to determine f,. After
substitution and integration, (123) is obtained.



1. _P+2+4piR,Cp + (4- 8pf,R,C, )sn(q)cos(q)- (4+8pf,R,C,, Jeos?(q) 12
" 8pf.R,

where g=pf;RyCoar and R, is the equivalent resistance of the PMOS load. Since g<<1, sin(q) is << 1, and

these terms become negligible. Also, since g<<1, cos(q)~ 1. Making these substitutions resultsin (124)

+2+4pf,R C . - \4+8pf,R C
lcmzp pl p~ par ( pl p par) (124)
2 8pf,R,
Solving (124) for f; gives
p- 2
f, = f 3 (125)
4R, (C, +C.)
The same steps can be repeated to determinef,. Theresultisgivenin (126).
f dplR, + NV, (2- p)
2 = (126)
4pN(v,,(C, +C .o )+ 2R, C, )
Averaging f; and f, givesthe overall frequency equation
5 |<NR C
Qe o, e @ 10d
Iss é sz Cin +Cpar e2 pﬂu
f= / y = p (127)
2NV, (C, +C,. )¢ 2R, C. v
sw in par é 1+ « 0
é sz Cin + Cpar Lj

Eq. (127) is of the form (1+a)/(1+b) where ab << 1. Therefore, (1+a)/(1+b) = 1-(b-a). Using this
simplification, (127) reduces to

= lss %_ I$R9Cpar . 6é‘__ l@
f= 2NV, (Cin +Cpar))§1 Vaw (Cin +Cpar)§ Ngz p@ (128)

Thisisthe equation used in section 4.4.3.



Next, the simplification necessary to derive the effect of the gate resistance on the differential input
voltage will be explained. As shown in Figure 54, the gate resistance affects the value of the differential
input voltage. It was previously assumed that the differential input voltage was Vin(t)-Vin.(t). Thisis no
longer the case. Now, the inputs to the gates of Ny and Ny, Ving+(t) and Ving.(t), are given by (129) and
(130), and the differential input voltage is Now Ving+(t)-Ving-(1).

Ving+ (t) = Vin+ (t)_ Icin(t)Rg (129)
Ving— (t) = Vin— (t)+ Icin(t)Rg (130)
A difficulty arises in that Ign(t) is afunction of Vig.(t), resulting in an equation that is difficult to solve. To
solve this problem, first note that the phase of the current into a capacitor has a p/2 phase shift from the
voltage. Since the voltage is a sine wave, the current will be a cosine. Also, the amplitude of the current
can be represented as afraction of the total tail current, Iss. This fraction is fairly constant, although it isa

weak function of lss, Vs and N. This fraction will be called lg, Which simulations show to be about 0.2.
Therefore, (129)and (130) can be rewritten as (131) and (132).

Ving+ (t) = Vin+ (t) - frec I Sss COS(Zpﬁ:) R g (131)
Ving— (t) = Vin— (t) + Ifrac ISS COS(prt)Rg (132)

Therefore, the current through Ry is no longer a function of V,.(t). The current through Ny, lgs(t) is a
function of the differential voltage across N1 and N». Thisvoltage is now found as Ving+(t)-Ving-(t), which is
shown in (133).

Vig (t) = Vig(t)- 21l  COS(2pT)R, (133)

The expression for 14(t) can now be rewritten as

s L ]
la(t)= 5+ " \j W V) (134)



Now that the differential input voltage includes R, the oscillation frequency can be derived again,
following the steps laid out in section 3.3. As with the example in section 3.3.1, the differential voltage for
the first section is such that there is no current flowing through N1. Therefore, f; will be the same as in the

example. Itisrepeated here for convenience.

(135)

For the second section, there is current through Ny, and therefore f, must be recalculated with the gate
resistance. After substitution into (30), as part of step 8, (136) is obtained

& & = 600
S 2 4 4 $1% 2, O o g
ls81- =- —+—adnb—C—=_ "+ 22V C_ + (Xt
¢ p N p Vg, é nc W, +++ g o 5 (136)
Vo o 8 & & L ow
2 " 8f
where
X =-2 - YV, sn(2pft)+ 2YR I .| & cos(2pft) (137)
and where
1
3 ¢
y=mc, Wag 4s - Sin?(2pft) + 4V, R gl | SiN(2pft)cog2pft)+ (2R 1 I s cOS2pft)f + (138)

;
- ;

Eq. (136) is difficult to solve for f. However, this can be simplified if the remaining integral term, X, can
be simplified. X in turn can be simplified if Y can be simplified. Note that in Y, the last term is much less

than the termsit is added to, and can beignored. With thissimplification, Y isnow given as

8
?}:ll—'

- Sin?(2pft)+ 4V R | .l & SN (2pft)cos(2pft)i (139)
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Substituting (139) into (137), and (137) into (136), (136) simplifiesto

-0

+41‘\/SWCpar (140)

This can be further simplified by noting another difference in the magnitudes of the terms makingup Y in

(139). Thelast two terns in the parenthesis are less than the first, meaning that Y can be simplified to

1
v =& mc, ¥ (141)
e
Substituting (141) into (140) gives
e 8V2R |
1 61- 2 4 BRIl ovCoar
V., c & p N pV,, p (142)
2 T 8f
Solving (142) for f givesf,.
c 1 NV,, (2- p)+4pV,, - 8V2NR, I | )
274 PNV, R(C, +C,. )

Averaging f; and f, gives the overall frequency taking into account the effect if Ry on Vg, as shown in
(144). Thisisequivalent to (76) derived in section4.4.3.

I 2 22Nl 1R, ©

TNV, [C+CL) S Va3

(144)

To obtain the final frequency equation taking into account the gate resistance, the 1-x factors from

(128) and (144) will be multiplied to result in a single term accounting for Ry. This term is then combined
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with the oscillation frequency equation without the gate resistance. This gives (145), the final oscillation

frequency equation accounting for time-varying parasitic capacitances and a gate resistance.

2stw (Cin +Cpar) é sz gcin +Cpar £ e2 p% p %

where Gy, correspondsto all parasitic capacitances as defined in (69).
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