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Abstract

The thesis is aimed on the integrated relaxation oscillator design for automotive applications, that are
characterized by harsh operation conditions and high robustness requirements.

Literature research was conducted to acquire necessary theoretical basis for comparative study of the
recently proposed integrated oscillator designs to choose the oscillator architecture utilizing
integrated-error feedback for the implementation.

High-level model simulations were conducted to predict negative influences on the system
performance and to suggest blocks optimal parameters for the design.

The implementation of the designed blocks was discussed, and simulation results of the critical
parameters were presented.

The designed oscillator simulations proved the consistency of the integrated-error feedback concept
for practical realization. However, the designed system needs further improvements.

Key words: automotive electronics, relaxation oscillator, IEF

Abstrakt

Tato prace je zaméfena na ndvrh integrovaného relaxacniho oscildtoru pro automobilové aplikace,
které jsou charakteristické extrémnimi provoznimi podminkami a vysokymi pozadavky na robustnost.

Z dostupné literatury byla provedena reserse, kterd umoznila postihnout nezbytny teoreticky zaklad
pro komparativni studii neddvno predstavenych designl integrovanych oscilator( a také pomohla
navrhnout architekturu oscilatoru, kterd vimplementaci zahrnuje princip IEF.

Za ucelem predpovézeni negativnich vlivi na vykon systému a optimalnich parametr blok( byly
provedeny simulace vysokouroviiového modelu.

V prdci je diskutovana implementace jednotlivych blokl a prezentovany vysledky simulace kritickych
parametrd.

Simulace navrZeného oscilatoru prokazaly konzistenci konceptu IEF pro praktickou realizaci.
Realizovany systém vsak potrebuje dalsi vylepseni.

Klicova slova: automobilova elektronika, relaxacni oscilator, IEF
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1 Introduction

The share of electronics in the price of a modern automobile has gained almost 15% over the last two
decades, and it is expected that the growth will continue and even enhance its rate [1]. It is a good
indication of an increase in the amount and complexity of electronic systems in cars.

Therefore, the sensor systems, being a significant part of the modern automotive electronics, expand
and are utilized in an increasing number of applications. These systems actively exploit digital signal
processing employing ADC units. ADCs require accurate clock signals, since the deviations of the clock
frequency cause the rise in bit error rate (BER) of the converters. Taking into account that many of the
automotive sensor applications are directly or indirectly related to safety (ISO 26262), design of the
precise clock generator is of great importance, what can be a challenging task, because automotive
electronic systems are exposed to extreme environmental conditions (e.g. wide temperature range,
big variations of the power supply voltage etc.).

Requirements for speeds of operation, electromagnetic compatibility (EMC), low power dissipation,
small dimensions have made integrated circuits (ICs) a dominant solution in automotive electronics.
Therefore, clock generators gained an additional limitation concerning their architecture, they have to
be integrated and occupy little area on the chip to withstand adequate production costs.

This thesis is aimed at designing the integrated clock generator (oscillator) in I4TE technology from the
company ON Semiconductor through discussion of the problematics, conduction of the literature
research and realization of the chosen architecture by means of the Cadence software.

1.1 Oscillators in general

Oscillator is a system that generates a periodic signal out of a constant one, which is mostly provided,
in case of integrated electronics, by a reference voltage or current source. A timing reference is
required to be present in the system, since time can be “measured” only through the quantity that
varies in time.

dissipated
time energy

supplied : timing reference . output
encrgy [parameters] =
withdrawn " non-periodical
energy "\ periodical

Figure 1.1 Block diagram representing an oscillator in general. The image is taken from [2].

Figure 1.1 illustrates a general view [2] on any oscillatory system. In this figure, the energy is supplied
to start the system and maintain its operation, since there are no components in electronics that do
not dissipate energy. It can also be seen that time modulates the system and, at the output of the
system, the influence of time can be measured in the form of either a periodical or a non-periodical
time-variant signal. So, it is an indirect time sensor that can be used as a timing reference. Also, we can



understand that transfer of the timing information to the output is dependent upon two things: the
parameters of the timing reference, and the energy supplied to it.

There are two major groups of the timing references: linear and non-linear systems. The non-linear
timing references are poorly studied and are difficult to model. Moreover, linear systems are supposed
to have better performance over the non-linear ones [3].

It is known that a linear system can be modeled by means of the corresponding pole-zero plot, what
is the most convenient way for the timing references modeling as well. These systems can have
different orders (mostly first or second, rarely third order, in practical oscillatory systems), based on
the number of poles representing them. The pole-pattern can also say about the system functioning
principle and features, e.g. whether the transfer of timing information to the output of the timing
reference is only determined by the parameters of the timing reference, or also by the supplied energy.

It turns out that the most appropriate solution is the first-order timing reference, for the design of the
integrated oscillator used as a clock generator for ADCs. The reason is that cost-effective CMOS
technology used in commercial production excludes a series of common components in second-order
systems. For example, crystal resonators, having the best noise performance; integrated inductors;
and the electromechanical resonators. Moreover, there are possibilities to build the second-order
integrated oscillator using available in CMOS passive components and blocks, such as transconductors,
resistors and capacitors, but the process variation of the integrated components parameters and harsh
ambient conditions in automotive applications complicate the tunability and degrade the performance
of such a system. Similar notions can be applied to exclude ring oscillators from the consideration.
Therefore, the objective of this thesis is a study of theory, popular topologies of the first-order
oscillator and consecutive application of this knowledge to implement the system with parameters
stated in the task, Section 1.2.

1.2 Design goals

The design goals extracted from the thesis task are listed below:
o frequency stability +2 % in whole temperature range from -40 °C to 175 °C,
e small current consumption;
e good phase stability (small jitter);

e opportunity for precise frequency setting to compensate production process deviations of
components parameters (trimming).

Additional features include that the power supply voltage is not stable, varying in the range of 2.7-3.6
V, and the designed block can utilize available on the chip stable band-gap voltage source, supplying
1.21 V with 3% tolerance to the nominal value.

1.3 Structure of the thesis
Section 2 introduces theory that is used throughout the thesis.

In Section 3, popular realizations of the integrated relaxation oscillator are review, and the most
appropriate topology is chosen and modeled in Section 4. The implementation is discussed in Sections
5and 6.

The information sources are referenced by numbers in square brackets, and the equations are
referenced by numbers in round brackets.



Numbering of figures in the thesis employs two numbers separated by dot: the first one corresponds
to the number of a first-level section, the second one corresponds to the number of the figure in this
first-level section. The figures section number in Appendices is “0”. The same approach is applied for
tables. Equations, however, are numbered successively over the whole thesis.



2 Theoretical prerequisites

Implementation of any system requires understanding of operation principles of this system, as well
as good knowledge of the available tools, components, their properties etc. This section contains the
first-order oscillator description using high-level models. These models allow to understand the
properties of different architectures of the considered oscillator system (such as noise performance,
tunability etc.), compare them and choose the most appropriate topology for the implementation.

2.1 First-order oscillator model

First-order oscillator (or relaxation oscillator) employs a system that contains only one pole, which is
the timing reference of the oscillator (Section 1.1). Since the single pole can only be somewhere on the
real axis, three situations can be distinguished: the timing pole is either in the left or the right half
plane, or it is exactly situated at the origin, Figure 2.1. The bottom part of Figure 2.1 depicts transient
responses of these three pole patterns. Any of them can create timing information (time-variant signal)
from a constant and so form the first-order oscillator core. The one pole timing reference transfers
timing information to the output signal amplitude. [2], [4]

type 2

Figure 2.1 Three types of the first-order systems. Their pole-patterns on top and corresponding impulse responses on
bottom. The image is taken from [2].

The transfer function from time to a measurable signal (e.g. t > V,t > Aor t > Q) is determined by
the surrounding electronics. The ideal relation between time and the output signal is linear, which is
the type 2 system in Figure 2.1, [2]. In this case the relation between the time and the signal level is
given by (1):

Eo(t)=f0tadr (1)

In (1) a is the integration constant and it determines the rate of change of the output signal (angle a
in the right part of Figure 2.2), which is directly proportional to time. Due to this relation, first-order
systems are called integrators and basically oscillators of the first class are based on it.
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Figure 2.2 Principle of equidistant level discrimination in the first-order oscillator. The image is taken from [5].

However, a sole integrator cannot form a complete system, it only generates the time-variant signal.
This signal is not periodic, and it requires additional non-linear time-invariant system to handle it and
turn into oscillations. The idea is depicted in Figure 2.2. The non-linear system has to discriminate
equidistant levels of the output signal corresponding to the reference voltage, what is usually done by
a comparator. The system also has to have a memory block to store the previous “level” from the
integrator for adding to the reference offset (Vgg in Figure 2.2 and E, ¢ in the left side of Figure 2.3).
Figure 2.3 (the left side) depicts the principle (here comparator generates periodic pulses that trigger
memory to store new integrator levels, the right side of Figure 2.3). It may become obvious now that
the duration of the oscillation period (hence the frequency) can be controlled by the integration
constant a and reference offset Eyf¢, (2).

E
T ==L (2)
[24
Nevertheless, the above described system is impossible in practice. Output of the real integrator is
limited by the power supply. The possible solution is to change the sign of the integration constant on
each interval leading to the design of the one integrator first-order oscillator. [2]

a i E,(t) memory E " s Ez¢
gate
Ey(t) l
’ Ey(t) I I ,
comparator L
t

Figure 2.3 Principle of the first-order oscillator to the left; periodic pulses, generated by the comparator block to the
right. The image is taken from [4].



2.1.1 One-integrator oscillator
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Figure 2.4 First-order regenerative oscillator with one integrator and its capacitor voltage waveforms. The image is
taken from [5].

Figure 2.4 shows the principle utilized in a first-order oscillator that uses just one integrator to generate
the time variant signal. The integrator is built by the capacitor and charging current source. When the
current source is ideal, the integrator is a timing reference with a single pole location in the origin
(Figure 2.1, Type 2). Due to limited power supply the simplest implementation of the necessary
periodical discharging states is the use of a current equal to the charge current, but with opposite sign.
The comparators decide when the sign of the integration constant (the current) must be inverted via
the comparison of the output signal of the integrator with two threshold voltage levels V and V;. The
sign-inversion of the integration constant is performed by the memory, as its state directly controls
the direction of the capacitor current. The memory stores the sign value (the memory is binary), since
a sign-inversion of the capacitor current directly inverts the slope of the capacitor voltage causing the
regeneration of the comparator. If no memory is utilized, the system will not function properly:
capacitor voltage would get stuck at one of the threshold levels. The memory can be implemented by
a Schmitt trigger, a flip-flop or a comparator with hysteresis. A first-order oscillator that uses a
regenerative memory to store the sign-value of the integration constant is called a regenerative
oscillator. [2], [4], [5]

2.1.2 Sawtooth oscillator

The regenerative sawtooth oscillator is an improvement to the basic regenerative oscillator. It allows
to take the regenerative memory block out of the timing pass, to perform so-called memory bypass
[6], using 2 integrators that work in orthogonal phases. This approach is not unique for memory bypass,
there are other approaches too, but according to Gierkink [5], it is the easiest way.

A typical example of the sawtooth oscillator is the symmetrical two-integrator oscillator. In this
topology two integrators produce a time variant signal continuously. Theoretically, one integrator can
act as the sign memory for the other integrator and vice versa, so the regenerative memory can be
taken out of the timing path, since it exposes the system to additional sources of the frequency error.
However, it has a problem: the stabilities of amplitude and frequency will become dependent on each
other, what can be overcome by precisely defining the initial state of the integrator before each cycle.
For example, by resetting the integrator before each charging phase. Whenever the first integrator is
being reset, its integrating action has already been taken over by the second one, so the reset-phases



do not have to be a part of the period of oscillation. So, the period of oscillation is defined by the rising
slopes of the integrator outputs and the threshold level, since the second integrator can start its
integration when the output of the first integrator reaches a pre-defined threshold level. [2], [4], [5]

The author of [5] presented some common topologies of the sawtooth oscillator, Figure 2.6 and Figure
2.7. The oscillator depicted in Figure 2.6 has some of the advantages described above, but it still has
the regenerative memory in the timing path (no memory bypass). In this topology, the timing of the
oscillation period is determined only by rising ramps of the capacitor voltages and a single threshold
level Vyer. The falling edges of the capacitor voltages are not time-critical; the only condition is that
the capacitor is discharged before the start of its next charging cycle. When the voltage across
capacitor C; crosses the threshold level, the memory changes state and C; is discharged while C, starts
charging. As well as for the basic first-order oscillator of Figure 2.5, a regenerative memory is
necessary. Its function here is to store the information about which capacitor needs to be charged and
which one needs to be discharged.
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Figure 2.5 The two-integrator oscillator to the left and its capacitor voltage waveforms to the right. The image is taken
from [5].

Figure 2.7 provides a modified schematic of the oscillator depicted in Figure 2.6. The comparators
output toggling directly switches the integrators to charge, so the regenerative memory has been
removed from the timing path. The memory here introduces a delay before a capacitor can be
discharged after reaching the reference voltage V. So, the capacitor voltages are allowed to pass
the threshold level to some extent. Another function of the regenerative memory is secure storage of
the new state, but due to the OR gate the action is performed parallel to the comparator. [2], [4], [5]
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Figure 2.6 Regenerative two-integrator oscillator with memory bypass to the left and its capacitor voltage waveforms
to the right. The image is taken from [5].

2.1.3 Discussion on the model

The introductory part in Section 2.1 reveals the principles of the periodical signal generation by the
relaxation oscillator from the timing reference. A key role in the operation and performance belongs
to the integrator being this timing reference. It is shown that the integrators can be of the 3 different
types, Figure 2.1, and each of these types causes certain implications on the oscillator. Looking at
Figure 2.1, comparing impulse responses of the different oscillator types, we can say that the most
appropriate type for practical design is the type 2 integrator, since it implies linear relation between
time and amplitude. It provides better tunability of the charging ramp, what is important for the
practical design, since the slope of this ramp has linear relation to the output frequency of the
oscillator, Section 2.1.1 and Section 2.1.2.
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Figure 2.7 Dependence of timing error on the integration constant. The image is taken from [5].

Figure 2.7 depicts the issue of all the relaxation oscillators. The oscillation period is directly
proportional to the voltage reference, whose variations due to noise directly degrades the precision of
the oscillation period. Also, the figure presents a relation of the integration constant to the reference
voltage noise impact: the greater the slope, the more accurate the oscillation period is with respect to
the reference voltage noise.

In similar way the integration constant, defining the slope of the charging waveform, can affect the
precision. Figure 2.2 depicts that the integration constant corresponds to the following relation (3).

charging

tg(a) = e (3)



Since the capacitor is a passive component, the noise of the charging current I¢pqrging directly causes
the error.

The basic oscillator shown in Section 2.1.1 is more impacted by the issue than the topologies presented
in Section 2.1.2, since it depends on the two reference levels and two slopes, Figure 2.4.

Another issue is the regeneration delay in comparators and memories, as well as degradation of the
charging slope in the vicinity of the point, where the integration changes its sign. Considering the
degradation of the slope, the systems from Section 2.1.2 are again more advantageous then the
oscillator from Section 2.1.2, because the sawtooth oscillator discharges quicker and the degradation
affects the slope during much shorter time. Moreover, the oscillator in Figure 2.6, as opposed to the
system in Figure 2.5, has its “critical point” higher than the reference level, so in that respect it is even
better.

However, the oscillators considered in Section 2.1.2 consist of two branches, each defining the
duration of a half period. It can cause a problem, since the branches in practice will have mismatch
and it will negatively affect the duty cycle.

2.2 Noise modeling of the relaxation oscillator

Noise of the oscillator is a most important issue that a designer has to deal with, when implementing
any kind of oscillator system. Relaxation oscillator is no exception and it has its own specificity in this
problem. One of the main differences from e.g. harmonic oscillators is that the noise measures more
commonly used for relaxation ones are in time domain. Therefore, the authors (e.g. [2], [4], [5]) mostly
start discussion on the issue from introduction of different measures of noise and relation between
them, in order to present a tool for comparing oscillators of different kinds.

The parameter commonly used for noise characterization of the relaxation oscillator is called jitter.
This measure is often defined by the normalized one-period time error (often expressed in ppm) [5],

[7]:

OATosc

jitter = (4)

osc

The problem of this definition is that it is limited to consideration of white noise, since in the case of
1/f noise [8], very important in CMOS technology, this measure becomes non-convergent and different
definitions are needed. The author of [5] simplified his noise models for white noise and so the above
given relation is acceptable for them. However, in [2], [4], a different approach was used, the authors
considered noise in spectral domain and the above presented definition is not required in their
considerations.

Appendix A presents a brief description of the 1/f noise phenomena and an overview of the technique
to reduce this kind of noise, introduced in [5].

It is obvious from the principles of relaxation oscillator, that the most prominent sources of noise in
these systems are fluctuations of the reference voltages for the comparator and fluctuations of the
current sources, charging the capacitors and defining the integration constants. Verhoeven [2], [4] and
Gierkink [5] omitted consideration of the regenerative circuit in the noise modeling or deriving
relations for noise of the oscillator, because thorough analysis would then lead to complicated
calculations. In [5], this simplification is called “First crossing approximation”:



It suggests that the first crossing of the reference level (plus noise) by the capacitor voltage invokes an
immediate and infinitely fast regeneration. It is assumed that the process of regeneration itself
introduces no additional jitter. [5]

Noise models presented in [2], [4] have a number of simplifications, but still they are able to show a
relation, on the high design level, between the topology of the relaxation oscillator and the spectral
noise shape. Section 2.2.1 presents an overview of this proposal.

A little bit different approach on the noise modeling [5] is presented in Section 2.2.2. Unlike Verhoeven
[4], Gierkink [5] derived expressions of jitter in relation to the real components of the oscillators (e.g.
parameters of a comparator).

2.2.1 Verhoeven’s high-level modeling of spectral noise shapes

Even though it seems that first-order oscillator principle is rather simple and straightforward, there are
plenty of ways to implement it. Verhoeven showed in his dissertation [4] and with colleagues in the
book [2], that it is possible to consider different topologies of the first-order oscillator on the high
modeling level, classify different architectures based on these models, and describe noise of the
oscillator based on these models.

state 1 state 2
Figure 2.8 A state machine, describing basic function of the relaxation oscillator. The image is taken from [2].

The idea is that any first-order oscillator is an integrator or a system of several integrators that switch
between certain states, so the oscillator is basically a state machine, that has different kinds of states,
transitions between these states and triggers that cause the transitions. It is not necessary to describe
all the classification to show the idea of noise modeling, presented by the author, so the most general
and basic consideration is shown in Figure 2.8. Here the state machine has 2 states, that basically
represent the states the one integrator relaxation oscillator has: state 1 is a phase, when the integrator
has positive integration constant a@; and duration of the state is Ty; in state 2 the integrator has
negative integration constant a, and the state duration is T, Figure 2.9.

v(lz

Figure 2.9 Generalized waveform of the integrator in relaxation oscillator with depicted comparator reference levels
fluctuations. The image is taken from [2].

Noise sources

In linear systems, the noise behavior is commonly described by equivalent voltage and current noise
sources at the input of the system. The noise behavior of the first-order oscillator cannot be described
in this way as it can make transitions from one state to another. As the behavior of the system in both
states is not the same, the noise behavior in both states can also change from state to state. When,

10



for instance, the sign of a current source is switched (to switch the sign of the integrated constant),
the sign of the associated noise source can also be switched, depending on the implementation. Of
course, the same holds for the voltage sources. So, there are noise sources that switch together with
the state transitions and there are noise sources that do not switch together with the state transitions.
Verhoeven [4] denoted these sources as correlated noise sources and uncorrelated noise sources
respectively. It should be noted that the word correlation is used here to denote a correlation with the
state of the oscillator, rather than to denote a mutual correlation between noise sources.
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Figure 2.10 The four basic noise sources in a first-order oscillator by Verhoeven. The image is taken from [2].

Four basic noise sources can be distinguished in a first-order oscillator, since the effect of state
correlation increases the number of required equivalent sources by a factor of two. They are shown in
the noise model depicted in Figure 2.10. The noise sources with a subscript 'c' are correlated to the
switching action whereas the noise sources with a subscript 'u' are uncorrelated to the switching action
in the oscillator. If the noise sources in the active part of the circuit are white with respect to the
oscillation frequency, all noise sources can be transformed to the input of the active circuit. [2]

Sampling system to describe first-order oscillator

Next step in [4] was the representation of the first-order oscillator as a sampling system.

A first-order oscillator is not a simple continuous-time system: it consists of states, between which the
oscillator makes transitions, that are discrete-time events. The timing information in a first-order
oscillator is contained in signal levels: the integrator output, comparator levels etc. So, the samples of
these signal levels, taken at the transition moments, play an important role in noise models, since the
period, frequency or duty cycle of the oscillation can be evaluated by taking a specific combination of
samples taken at different transition instances.
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Figure 2.11 An example of the sampling system extracting timing information of the oscillator. The image is taken from
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Figure 2.11 presents an example of the sampling system that extracts timing information of the
oscillator based on the above described procedure. As the sample pulses for one of the samplers are
delayed by a time 74, the samples at the output of the samplers are samples from the input signal at
different moments. To enable processing of these samples, an extra delay t,; has to be inserted into
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one of the signal paths. After this delay, the samples of the input signal, that were originally taken at
different moments, now coincide, so the samples can be fed to the continuous-time output processing
block. In this block, the desired calculation can be done on the two samples. Although this description
is theoretically correct, the characteristics of the system cannot easily be evaluated. Z-domain analyses
can be used to describe systems taking equidistant samples but are less suitable to describe this
problem. Furthermore, the presence of more samplers also makes it hard to describe the system.
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Figure 2.12 Transformations of the system from Figure 2.11 to enable simpler description of the sampling system. (a)
Original system. (b-d) Consecutive transformation steps. The image is taken from [2].

However, it is possible to conduct certain transformations of the system from Figure 2.11 to simplify
it, Figure 2.12. In the first step of the transformation, depicted in Figure 2.12b, the delay at the output
of one sampler is pushed through the actual sampler, so that delays are now present both in the signal
path in front of the sampler and in the sample path. Now, the samples in both branches are taken at
the same time, so the first problem is solved. In the next transformation step, the complete output
processing block is pushed through the sampling action and we end up with the system of Figure 2.12c.
The output processing block now operates on the complete, continuous-time input signal and a
delayed version of it. The samples are now taken after the output processing block. When the sampling
moment does not have a specific phase relation to the input signal, the delay in the sample path can
be omitted to yield the system of Figure 2.12d. The left part of the system, the delay section and the
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processing section, can be considered in the s-domain using filter models. After that, the output of the
system is sampled, what can also be easily described. [2]

Period/frequency noise caused by uncorrelated noise voltage sources
The assumption for all models was made by the author in [2]:

When the noise voltages in the oscillator are relatively small with respect to the total voltage swing of
the oscillator signal, the transition moments in the noisy oscillator are approximately equal to the
transition moments in a (fictitious) noise-free oscillator. Then, we can assume that the noise voltages
at both instants are approximately equal:

V(tn) =V(tn) (5)
In (5), t;, is the moment of the transition in the (fictious) noise free oscillator.

The following condition must hold for the assumption to be valid:

av(tn) x
—r - (tn = tn) K Viys (6)
where Vy,,s is the voltage swing between the two reference levels, Figure 2.9.

The relative variation of the period { was given by:

t 1 * * *

¢ = T_z = Wys [_dcovn(tl) + vn(tz) - (1 - dco)vn(t3)] (7)
where T is a total period of the noise-free oscillator (T, = T; + T in Figure 2.9); t,, is a change of the
period caused by noise; v, (t7), v,(t;) and v, (t3) are noise voltages at transition instances 1, 2 and
3 respectively in Figure 2.9; d is the duty cycle of the oscillator.
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Figure 2.13 The sampling system to describe equation of the relative variation of the oscillator period in case of
uncorrelated noise voltage source. The image is taken from [2].
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Figure 2.14 Application of the sampling system model to describe the oscillator. The image is taken from [2].

Figure 2.13 presents an example of the sampling system mentioned earlier (Figure 2.12d) that describe
the oscillator relative period variation due to noise, {, expressed above by the equation. Figure 2.14
depicts a relation of the system to the integrator waveform, where the meaning of those delayed
transition instances can be clearly seen.

vmc(mm)
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Figure 2.15. The filter that corresponds to the relative variation of the oscillator period due to noise in frequency
domain. The image is taken from [2].

The sampling system, depicted in Figure 2.13, is in time domain, but the noise is generally expressed
in frequency domain. So, it is possible to perform Laplace transform on the sampling system and obtain
a filter, which is depicted in Figure 2.15. The equation of the filter response is

. 1 _j _j _
IH(om)| = 5| ~dg,e/onTo e Jomli=da)lo — (1 —dg )| (8)
and in case of duty cycle of 0.5, the equation can be simplified to

|H(owm)| =#ﬂ[1—cos(n2—’:)] (9)
The spectrum of the filter, presenting oscillator noise caused by the uncorrelated voltage noise source,
is illustrated in Figure 2.16 for the case of duty cycle that equals to 0.5. It can be seen that even
frequency components and DC components of the noise source have no influence on the operation.
Another conclusion to be made is that 1/f noise (Appendix A), having dominant frequency components
close to DC, can be taken out of consideration.
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Figure 2.16 The modulus of the transfer of the filter from Figure 2.15, for the case when duty cycle is equal to 0.5. A
DC noise source has no influence, noise components with a frequency close to the carrier frequency have maximal
influence. The image is taken from [2].

As it was mentioned, the sampling system describing noise effect on the oscillator period relative
variation is based on the model shown in Figure 2.12d, which has sampling of the output performed
once every cycle. This sampling affects the oscillator frequency/period variation and Verhoeven [4]
referred to Bennet model of noise (certain representation of white noise), which is described as the
sum of an infinite number of sinusoidal components having equal amplitudes 7, ,, differing
frequencies and a random phase, to derive following expressions for the mean @, the standard
deviation g, and the maximum deviation of the frequency Awg yeqr, related to noise component with
the frequency w,,; duty cycle of the oscillator is supposed to be 0.5:

W (W) =0 (10)
Oy (W) = %\/75:; Wy [1 — cos (no;—’:)] (11)
Awg pear (Wm) = 5:—‘;(»0 [1 — cos (nao’)—’:)] (12)

Another important effect worth mentioning is so called “folding of noise”. The idea is depicted in Figure
2.17. The white noise (e.g. of uncorrelated voltage source) passes through the filter described earlier
and the output from the filter is sampled with the frequency of the oscillator. The process can be
described by convolution of the output of the filter with the sequence of sample pulses spaced at
intervals equivalent to the sampling frequency. It can be seen that resulting spectrum is composed by
frequency components ‘folded’ back to lower frequencies, e.g. frequency component of w is folded
back to DC. This folding is only limited by the bandwidth of the system (the noise conversion
bandwidth, N_;), since real oscillators cannot have infinitely fast transition between states. [2]

wU
filter 1
white noise ——— v L & o samples of {(t)
* * =
N/ bt :
o W, | 3, ! 0, 2w, 3w, 0, 20, 3u, 40,
° 2w,

Figure 2.17 The sampling affecting the noise spectrum of the oscillator. The image is taken from [2].
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Period/frequency noise caused by correlated noise voltage sources

The procedure of creating noise model of the oscillator with correlated noise voltage sources to
switching action is very similar to the case presented above (uncorrelated noise voltage sources). The
only difference is that we have to take into account that the sign of the voltage source is changed on
each cycle. Therefore, the resulting equations are different, and the filter output characteristic is
different, which is depicted in Figure 2.18. It can be seen in the figure that in the case of a correlated
noise voltage, the influence of DC components is large, whereas the influence of noise sources close
to odd multiples of the oscillation frequency is minimal. The author denoted that it means that 1/f
noise can pass through the filter, as 1/f noise components cause low-frequency variations of the
oscillator frequency.

Wy

1
0 2wy By 10wy,

Figure 2.18 The modulus of the transfer of the filter corresponding to the model of oscillator noise caused by the
correlated noise voltage source (d,, is duty cycle). The image is taken from [2].

Period/frequency noise caused by uncorrelated noise current sources
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Figure 2.19 The modulus of the transfer of the filter corresponding to the model of oscillator noise caused by the
uncorrelated noise current source (d, is duty cycle). The image is taken from [2].

Figure 2.19 represents the transfer of the filter, modeling effect of the uncorrelated noise current
source on the frequency of oscillator. The low-frequency components of the noise source do not affect
the oscillator frequency, so 1/f noise is not the dominant cause of frequency deviations. It can be seen
that the noise components close to even multiples of the oscillator frequency are suppressed.

As it was already mentioned, components around multiples of the oscillation frequency are folded
back to DC due to “folding of noise” effect (Figure 2.17), what happens for current noise as well, but
according to [2], if the current source is integrated, this effect is much less visible than in case of voltage
noise sources.
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Period/frequency noise caused by correlated noise current sources

N T T T T d.=0.50
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Figure 2.20 The modulus of the transfer of the filter corresponding to the model of oscillator noise caused by the
correlated noise current source (d., is duty cycle). The image is taken from [2].

Figure 2.20 represents the transfer of the filter, modeling effect of the correlated noise current
source on the frequency of oscillator. The low-frequency components of the noise source affect the
oscillator frequency. It can be seen that the noise components close to odd multiples of the oscillator
frequency are suppressed.

2.2.2 Gierkink’s jitter

Gierkink’s discussion on jitter (in [5]) starts with the assumption that most noise sources, appearing in
the relaxation oscillator circuit, can be represented by an equivalent noise source that is either (Figure
2.21):

* acurrent noise source i, in parallel with the capacitor charge current I¢pqrge;

e avoltage noise source v, in series with the reference voltage Vigr.

Vop
i“ Icharge
0 1 0f 4
| g.) .
S R
+
+ v +
Ver ==¢; " Co== Ve
VRer

Figure 2.21 Sawtooth relaxation oscillator with the noise source considered by Gierkink in [5]. The image is taken from

[5].
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Jitter due to current noise in parallel with charging current

e >

CJ__,_ i LIAV
leharge in C A 9 :

charge

Figure 2.22 Signal model and capacitor voltage waveform in case of a noisy charging current, considered in [5]. The
image is taken from [5].

Figure 2.22 depicts the model (and the waveform of it) used by Gierkink [5] to derive the expression
for the jitter caused by noise current source located in parallel to the charging current source. The
derived expression for the considered normalized one-period jitter is

Sin
(GATosc) _ > Josc

Tosc in Icharge

(13)
where S; is the power spectral density of the noise from the noisy current source; f, is the oscillation
frequency; Icparge is the charging current.

It can be seen that the noisy current noise contributes to jitter by effective noise bandwidth that equals

fOSC/Z'

Nevertheless, the author denotes that, assuming white noise, the timing errors made in successive
periods are uncorrelated, so the variance O'AZT of the timing error AT, that occurs after an interval T =
n - Ty, is proportional to n:

2 — . =n-g2
OAT (T =n Tosc) =MNc0pT,, (14)
where GAZTosc is variance of the one-period timing error.

Gierkink showed that the above-mentioned time-domain behavior (14) can be related to the phase
noise spectrum and the following proportionality is obtained:

Sp(f) < f72 (15)
where S,,(f) is the frequency dependency of the power spectral density of phase fluctuations.

Jitter due to voltage noise in series with reference voltage

t=0
}L .
+
éTlcharge C VC -

%— v,

Figure 2.23 Signal model and capacitor voltage waveform in case of a noisy reference voltage, considered in [5]. The
image is taken from [5].
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Figure 2.23 depicts the model (and the waveform of it) used by Gierkink to derive the expression for
the jitter caused by noise voltage source located in series with the reference voltage source. Figure
2.24 gives a simplified circuit of the comparator that was used in jitter calculations by the author, since
Gierkink considered effects of parasitic capacitors and comparator differential pair switching time.

lout it =14712
A

comp '

Figure 2.24 The comparator model and the linearized transfer function of its differential pair, used by Gierkink [5] to
derive jitter in case in of a noisy reference voltage. The image is taken from [5].

Jitter of the oscillator with comparator without parasitic capacitors was given in [5] by:

(UATOSC) _ \/ z Bn

Tosc vn VREF

(16)

where S, is power spectral density of the reference voltage noise; B, is the noise source bandwidth;
VrEr is reference voltage. So, the jitter due to voltage noise v, in series with decision level Vigr is
related to the signal-to-noise ratio of the decision level.

There were two cases considered in [5], concerning effect of the parasitic RC-combination at the
output node of the comparator model from Figure 2.24. One case is when the delay T.omp = Reomp *
Ccomp, 8iven by the mentioned RC-combination, is much smaller than the switching time of the
comparator’s differential pair Tsyitch aiff.pair; aNOther case is when the delay is much greater than
the comparator differential pair switching time.

When Teomp K Tswitcndif f.pair, the jitter was given by

Svn. g
(JATOSC) _ 2 n,comp

(17)
Tosc 7, VREF
where By, comp is the noise bandwidth (single sided) of the comparator, which was given by
1 o Rgomp 1
B = df = Hz 18
ncomp Rgomp fo 1+(27‘L’f'Rcomprmp)2 f 4RcompCeomp [ ] ( )

where R;omp, and parasitic Coomy, form the RC-combination at the output of the comparator, Figure
2.24,

When Teomp > Tswitchaif f pair, the jitter was given by
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Svn 1
4 Tgyui i ;
(GATosc) _ switch,dif f.pair

(19)
Tosc VUn VREF

where Tgyitch dif fpair 1S the switching time of the comparator differential pair.

Comparison of jitter caused by noisy current and voltage

The above-considered jitters, caused by noisy current or reference voltage, contributed to the total
jitter of the oscillator and Gierkink discussed the relation of this contributions to the optimal design of
the oscillator in [5].

First, the noise was approximated by the thermal noise of a resistor, leading to

_ 4kT

Si, = . [A%/HZ] (20)

Sy, = 4kTR,, [V?/Hz] (21)

As it was mentioned earlier, Gierkink [5] discussed two situations, concerning the jitter of the noisy
voltage source, and it turned out that the most practical design implies that T.omp < Tswitch,diff.pairs
since in that case the oscillator would have higher control linearity, what can, for example, simplify
trimming for reduction of process variations.

Implying jitter caused by noisy voltage for the case when Tcomp K Tsyitch aiff.pair, the resistor noise
model and expression for the total jitter

2 2 2
(O-ATosc) = (O-ATosoin) + (O-ATosc:Vn) (22)

Gierkink [5] derived the jitter ratio:

2 .
(UATosc.vn) _ Bncomp PaissIcparge (23)

UATDSC,in fDSC PdiSS,VREF

where Pdiss,lcnarge and Pgigsv, - are the powers dissipated in realizations of charging current source

and reference voltage source respectively.

Since condition Teomp K Tswitchaif fpair Was assumed, the following must be valid

Bn,comp > fosc (24)

So, to reduce the total jitter, the design must imply that

Pdiss,VREp > Pdiss,lcharge (25)
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3 Review of recent proposals

This section describes the state-of-art realizations of relaxation oscillators. These realizations employ
different design techniques for jitter, temperature and process variations compensation in the
oscillators. So, the following review can pose a benefit for my design. Moreover, the goal of this section
is to find the most appropriate architecture to implement the oscillator corresponding to the
requirements stated in Section 1.2.

The chosen designs represent major ideas in achieving the most optimal performance of the integrated
relaxation oscillator. It would be fair to mention that the field possesses a wider range of proposals,
which mostly employ similar principles as the designs considered below. However, there are also quite
exotic topologies (e.g. [9]-[13]) that are not considered in the following discussion, but having been
studied during the literature research were denied as candidates for my design topology.

3.1 Relaxation oscillator employing voltage averaging feedback

Voltage Averaging Feedback

Relaxation Oscillator

Figure 3.1 The oscillator structure proposed in [14]. The image is taken from [14].

One of main issues of relaxation oscillator accuracy is the comparator delay (t;) variation, and a simple
way to overcome it is shortening of t; to the level that it can be neglected. However, this approach
leads to an increase in power supplied to comparators (and increase of noise bandwidth of the
comparators, Section 2.2.2). Figure 3.1 depicts the oscillator structure proposed in [14] [15],
comprising voltage averaging feedback to achieve both accuracy and low power dissipation by
maintaining whole oscillator waveform including t;. This design solves an issue of the delay variation,
since the oscillation is independent on the comparator delay t;, and also the structure does not
contain integrator biasing current sources, reducing the effects of aging and flicker noise.
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3.1.1 The design considerations

Figure 3.2 Circuit schematics of (a) feedback amplifier and (b) comparator, that are utilized in [14]. The image is taken
from [14].

Figure 3.2 presents the topologies of the feedback amplifier and the comparator, used for realization
of the design proposed in [14], for rail-to-rail input and easiness to obtain enough phase margin.

Voscl Voscg aww  de of Voge,2

(2)
Vg Vrer

(®)

Figure 3.3 (a) Waveform and (b) modeling of oscillation in [14]. The image is taken from [14].

In Figure 3.1 the relaxation oscillator part is considered as a voltage-controlled oscillator with a control
signal V. Oscillation waveforms V5.1 and V., are summed up to V. and transferred to the active
filter part. At this condition, the active filter maintains DC voltage of whole oscillation at the reference
voltage V;..r as shown in Figure. 3.3(a). Figure 3.3(b) depicts the half circuit simplification of the
oscillator, leading to the following relation (26) (under condition Ry > R and considering that V.. is
generated by a voltage divider of rail-to-rail voltages):

T

A-OT _ 1 _ ke (26)

RC

where T is period of oscillation and
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Vre
a="L (27)

Vdd
The above-presented equation (26) underlines that the oscillation frequency is just defined by a time
constant RC and a coefficient a (27). The variation of t; has little effect on T, because the voltage

averaging feedback automatically adjusts V to keep the equilibrium of
1T
Ffo Voscl,z(t)dt = Vref (28)

The oscillation frequency neither has any sensitivity to V4, since « is fixed by the resistor divider.

The oscillation frequency is tunable by applying a digital trimming configuration to the resistor divider
(adjusting a), which compensates absolute variations of R and C. The sensitivity to temperature is
dominated by R, if we consider Metal-Oxide-Metal capacitor in standard CMOS processes, so the
resistor has to be temperature compensated (e.g. by combining resistors with the temperature
coefficients of opposite signs).

3.1.2 Start-up sequence

This section provides the start-up sequence of the proposed oscillator design in [14], the description is
related to Figure 3.1:

1. V. are set as a certain voltage (e.g., Vy¢f) at the reset state (where NRST is “Low”). V5.1 and
V,sc2 are pulled down to “Low” by NMOS devices with “High” input from the SR-latch.

2. There is the time difference to start-up two NANDs in the SR-latch by an inverter-delay line
and the left-side NAND is firstly released from the reset state and this time difference
outputs a “Low” signal. Therefore, the capacitance of the left-side half-circuit starts to be
charged and to rise V,5.1. At this time, the left-side transfer gate is shorted and V4 is
transmitted to the LPF (low-pass filter) as V4.

3. When V,., exceeds V., the left-side comparator pulls down the output itself to “Low” and
the output of the left-side NAND rises up to “High” again. Then, V4 is pulled down to
“Low”, the output of the left-side comparator returns to “High” and the left-side transfer
gate is opened to stop transmission of V,g.1.

4. When the output of the left-side NAND is “High”, the right-side NAND changes the output
itself to “Low” because its inputs are all “High”, and V., of the rightside half-circuit starts to
rise and to be transmitted to the LPF as V4.

In the same manner as the left-side half-circuit, when V4., exceeds V, the right-side
comparator pulls down the output itself to “Low” and flips the SR-latch output, which results
in pulling down of V4., to “Low”. The right-side transfer gate is shorted and transmission of
Vysc2 to the LPF is stopped. Then, the output of the right-side comparator returns to “High”.

“Low” output of the left-side NAND causes V. to rise again.

The circuit (Figure 3.1) oscillates as a multi-vibrator iterating the above steps from 3 to 6. Settling
waveforms of V, 5.1 and V s, are transmitted alternately to the LPF. Then the DC voltage of the
waveform is virtually shorted to V,.. by the active filter.
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3.1.3 Sensitivity to the reference. Noise reduction

The equation (26), expressing dependence of T on a and RC, was used in [14] to consider sensitivity
of the oscillation period variation due to variations of a:
oT/T _ 1
— RC _ _
Ja ?(l—e T/RC)—g~T/RC

(29)

Since the above equation (29) is too complicated to extract a solution as a function of a, a numerical
analysis was conducted by the authors of [14], which led to the following result: the minimum
theoretical sensitivity of 3.351 at @ = 0.535 for any RC and V.

Voltage Averaging Feedback

V,

n

. T logf)  f, f,  log(f)
(®)

f

Figure 3.4 (a) Noise transfer model and (b) noise transfer gains from two dominant noises to phase noise, of the design
proposed in [14]. The image is taken from [14].

Also, in [14] it is claimed that the proposed voltage averaging feedback reduces the flicker noise due
to its closed-loop structure. Figure 3.4 illustrates the noise transfer model of the relaxation oscillator
with voltage averaging feedback and the resulting transfer characteristics of two dominant noises. The
relaxation oscillator part is modeled as a voltage-controlled oscillator (VCO), where the frequency gain
is Kyco and the periodic integration Vjsc 40 of V,sc is proportional to the input voltage V; with a
coefficient f. Dominant noises from an active filter and a VCO are transferred to the phase noise by
their closed-loop transfer functions respectively and summed up by RMS manner at ¢,,,;. The benefit
of the voltage averaging feedback is that the low offset frequency part of phase noise of the VCO part
is suppressed by negative feedback effect. This means that the voltage averaging feedback concept
allows to use small transistors in comparators for accurate oscillation with low power.

3.1.4 The performance

The oscillator considered in [14] was fabricated in 0.18 um standard CMOS process with R = 65 k(),
C =200 fF,R, =1MQ,C; =1pF, and @ = 0.54. The active area is 0.04 mm?.

Table 3.1 presents summary of the measured parameters of the oscillator proposed in [14].
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Process 0.18 um CMOS

Area 0.04 mm?
Frequency 14 MHz
Power supply voltage 1.8V
Current consumption 25 uA

—146 dB @ 100 kHz,
Figure of merit (FOM) [16]
—146 dB @ 4 kHz

Variation with power supply voltage +0.16% @1.7to 19V

Variation with temperature 1+0.75% @ —40to 125°C

Table 3.1 Performance summary of the oscillator in [14].

3.2 Relaxation oscillator employing a feedforward period control scheme
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Replica slew rate gen.
Figure 3.5 Schematic of the relaxation oscillator with feedforward period control scheme. The image is taken from [17].

Figure 3.5 presents the realization proposed in [17]. The idea is to provide a very short start-up time
with low power consumption and low frequency error. The circuit consists of an oscillator core and a
period controller, which cancels feedforward delay t; of the regenerative circuit (comparator + SR-
latch), since this delay varies with temperature, especially in the case when biasing current is kept low
to reduce power consumption.
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3.2.1 Comparator and SR-latch delay cancellation

v RC Vet
: VREF
Proposed ~A -1 177 /
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Boost charging Normal charging | l Q1B

| slope=2Ic/C slope =Ic/C ) Tosc

Figure 3.6 Waveform of the capacitor voltage in the feedforward period control scheme. The image is taken from [17].

The feedforward delay t; cancelling is performed by switching the charging current I digitally instead
of by means of analog threshold voltage control. It can be seen in Figure 3.6, that by shifting t; ahead
of the timing at which the comparator input level reaches Vgr, the half period can be made to be
equal R - C, so the oscillation is insensitive to t;. The t; shift is performed simply by doubling the
charging current during t; at the beginning of every half cycle of oscillation (boost charging). The
determination of the degree to which t; should be shifted and the switching of charging current are
handled by the oscillation period controller.

The oscillator core in Figure 3.5 employs bi-state current source for boost and normal charging. The
measurement of t; at the beginning of every half period is done by replicas of the comparator and the
SR-latch in the period controller. The initial reference level for the replica comparator inputs (V5 and
Vce) is set to V¢, which is slightly lower than Vi because the replica comparator must operate
immediately after the oscillator core output toggling. The input signals to the replica and core
comparators have to have the same slew rate, because the delay will vary depending on the slew rate.
Therefore, the design in [17] contains an initial level generator, a level shifter and a replica slew rate
generator in the period controller, Figure 3.5.

3.2.2 The period controller operation
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Figure 3.7 Waveforms of the period controller in the design proposed in [17]. The image is taken from [17].
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The waveforms shown in Figure 3.7 represent a single period operation in the period controller. When
the oscillator core output signal (Q4) is in the “LOW” state, capacitor C5 is fully discharged, and the
replica input signal Vs is clamped to V.. When Q; changes to “HIGH” state, the clamp switch is open,
and capacitor C53 begins to be charged with charging current I .. The capacitor voltage V3 has the same
slew rate as that of the oscillator core in normal charging. Because capacitor Cs stores its charge, Vs
also has the same slew-rate, and its voltage level can be represented as Vi3 + V. After Q; enters the
“HIGH” state and t; has subsequently elapsed, the replica SR-latch output (Q,) changes to “HIGH”
state. A control pulse Virg, that is in the “HIGH” state during t; is generated by a simple logical
operation using core and replica latch outputs, and the oscillator core comparator input (V) is then
charged with the boost charging current (21.).

3.2.3 The performance

The authors of [17] fabricated the oscillator with their proposed design in 90nm CMOS technology.
The active area is 0.12 mm?. The capacitors had negligible temperature dependence, since they were
of Metal-Oxide-Metal type. The resistors temperature dependency was compensated by combining
resistors with temperature coefficients having opposite signs.

Measurement results depicted in Figure 3.8 prove that the period control scheme can successfully
reduce the frequency variations due to changes in temperature and supply voltage to, respectively
+0.68 % and +0.82 %.
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Figure 3.8 Measured frequency variation of the oscillator in [17] with respect to (a) temperature, (b) supply voltage.
The dependencies are shown for the circuits with the enabled and disabled feedforward period control. The image is
taken from [17].

Table 3.2 presents summary of the measured performance of the oscillator, proposed in [17]. As it was
mentioned by the authors of [17], their design is advantageous for certain applications over the design
reviewed in Section 3.1, since it has much shorter start-up time (measured 1 cycle for the architecture
in [17] as opposed to simulated 140 cycles for the architecture in [14]).
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Process 90nm CMOS
Operation frequency 100 kHz

Power consumption 0.28 pwW
Start-up time 1 cycle
Variation due to temperature +0.68 % @ -40 to 90 °C
Variation due to power supply voltage 10.82 % @ 0.725t0 0.9 V

Table 3.2 Performance summary of the oscillator in [17].

3.3 Relaxation oscillator employing dynamic threshold and switched resistors

Figure 3.9 Schematic of the relaxation oscillator with dynamic threshold. The image is taken from [18].

Figure 3.9 demonstrates the topology of the relaxation oscillator, presented in [18], that utilizes
dynamic threshold and switched resistors technique. The idea is to reduce the dependence of the
output frequency on the power supply without application of the band-gap voltage reference, which
occupies big area on the chip and contributes to higher power consumption.

The function of the oscillator is based on the principle discussed in Section 2.1.1, since it employs only
one integrator. However, the voltage thresholds (V5 and V; in Figure 2.4), defining a time instance of
the comparator regeneration, are dynamic to insure good stability.

3.3.1 Dynamic threshold technique
The description of the dynamic threshold (DT) technique in [18] is as follows (Figure 3.9):

1. At the beginning of power on, V4, the voltage of node A in Fig. 3.9, rises quickly to Vy =
Vpp — I1 - R, while Vg, the voltage of node B, grows slowly with I due to the large capacitor
load. During this interval, the comparator output keeps the switches off.

2. When Vg >V, = Vy, the comparator output flips over and turns the switches S and S; on.
Then, V, drops rapidly to V;, =V, — (I; + I,) - R. At the same time, the charges in capacitor
are drained out resulting in a decrease of V. The state of oscillator changes to the
discharging phase.
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3. WhenVy <V, =V;, the comparator output turns the switches off again. Thus, the state of
the oscillator returns to the charging phase.

So, as it can be seen the threshold voltage levels are not static and the resulting oscillation period has
a form of

—2R-C-2
T=2R-C-+4t, (30)

where t,, is a delay of the comparator.

The authors of [18] suggested that the delay of their comparator was 1.74 ns with temperature drift
of 12.81 % from —40°C to 120°C, so they claimed that it had a negligible impact on the frequency
stability, but the major contributor to the power consumption. Figure 3.10 presents the simulated
waveforms of voltages I/, and V3 by the authors.
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Figure 3.10 Simulation waveform of the voltages of nodes A and B in Figure 3.9, presented by the authors of [18]. The
image is taken from [18].

3.3.2 Switched resistors technique

Figure 3.11 Schematic of the relaxation oscillator with dynamic threshold and switches resistors. The image is taken
from [18].
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Figure 3.11 depicts the modification of the topology depicted in Figure 3.9 by employing the switched
resistors (ST) technique, proposed in [18]. The idea is to compensate the temperature variation of the
oscillation frequency, since, according to (30), it depends on the resistor value. The principle realized
in ST technique is the application of the two resistors defining the threshold levels IV and V/;, so that
these thresholds are not changed relative to each other. The ST technique allows to utilize resistors
with temperature coefficients (TCs) of the same and opposite sign, the difference will be in the
switching of S and Sg.

3.3.3 The performance

The authors of [18] implemented their design in 350 nm standard CMOS process. The performance of
their system is illustrated in Table 3.3.

Technology (um) 0.35

Area (mm?) 0.05
Frequency (MHZz) 4

Current consumption (¢A) 280@3V

FOM (uW /kHz) 0.21

Power supply sensitivity (%/V) 06 @24t04
Temperature sensitivity (ppm/°C) | 53.9 @ — 30 to 120°C

Table 3.3 Performance summary of the oscillator in [18].

3.4 Relaxation oscillator employing IEF
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Figure 3.12 Schematic of the relaxation oscillator with IEF. The image is taken from [19].

The authors of [19] presented an architecture of the relaxation oscillator that utilizes the Integrated-
error Feedback (IEF) technique, Figure 3.12. The idea of this topology is to compensate the
comparators offset by dynamic adjustment of the reference voltage level (peak voltage of the
reference capacitor is sampled and fed to the integrator block of IEF) . The design employs a current
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source based on resistors with the temperature coefficients of opposite sign to generate precise
charging current. The topology corresponds to the studied sawtooth two-integrator oscillator in
Section 2.1.2 and depicted in Figure 2.5.

3.4.1 |IEF application
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Figure 3.13 Timing diagrams of relaxation oscillator with a delay t;. The image is taken from [19].

If we compare the topologies presented in Figure 3.12 and Figure 2.5, it will become clear that the only
difference is the utilization of the reference voltage. In Figure 2.5 it is supposed that the reference level
is fed to the comparator directly and is stable during the operation. The oscillator with IEF, however,
utilizes sampling of the peak voltage V, ,.qi (Figure 3.13) of the reference capacitors Crefr1, Crefa
(Figure 3.12) and integrates the overshoots of the capacitors (V¢ peax — Vser, Where Vg, is the nominal
reference level) to reduce the references fed to the comparators and keep V, peqr at the same level

as Vg, Figure 3.14.
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Figure 3.14 Waveforms of the oscillator with IEF. V,, is the nominal reference level; V., and V,; are the voltages of the
reference capacitors; V;;,; and Vy;,, are the output voltages of the IEF blocks; Q is the output of the oscillator. The image
is taken from [19].

The authors of [19] described the function of IEF by means of the signal processing block scheme
depicted in Figure 3.15.

fs = fosc
gl SO ! Vc_peak—Vseti_ G i® ) vth:[,n]
A+ | Crer*Cs Cint F
(’ = VDD_vref
Rrer Cmf'l'cs < Mh[n-1] P

I

Figure 3.15 Model of IEF. ¢, is the delay of the comparator with the logic circuits; C,..f is the reference capacitance; Cg
is the sampling capacitance; C;y is the IEF integrator capacitance; Vg, is the nominal reference level; V. ,.qx is the
peak voltage of the reference capacitor; Vy, is the output voltage of the IEF block; I is the charging current. The image
is taken from [19].
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The model from Figure 3.15 has a transfer function of (description of the quantities can be found in
the description to Figure 3.15):

__ I GCs
H( ) — Vin(z) — Cref+Cs Cint (31)
tq(z) 1_Z—1(1_&)
int

According to the digital signal processing theory, the feedback of the system, in Figure 3.15 with the
transfer function (31), can be considered stable when the following inequality is valid:

|1—£ <1=20<Cs <2 Cipt (32)

Cint

It can be clearly seen from Figure 3.14, that the system needs certain settling time to reach stable
oscillation period. In [19], the relation for the number of operating cycles N was derived:

10910(0.1%)
Cc
togrof[1-2%)

int

N > (33)

3.4.2 The effect of sampling capacitor
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Figure 3.16 The effect of sampling capacitor in the oscillator with IEF. The image is taken from [19].

As it can be understood from Figure 3.12, the sampling capacitor participates in the integrator
charging. The authors of [19] considered to use the sampling capacitor 4 times smaller than the
reference one. Figure 3.16 demonstrates the effect of the sampling capacitor on the reference
capacitor voltage waveform in the design presented in [19]. We see that the sampling capacitor affects
the charging slope. The following relation expresses the impact of Cs on the charging period (quantities
are taken from Figure 3.16):

Vset'(cref"'cs)_vset'cs Vset'cref

t1+t2: I = I (34)

where I is the charging current.

So, Cs only affects the charging slope and has no influence on the oscillation period of the oscillator.
However, there is a switch between Cs and Cy.fr, which has 4-mV tracking error voltage in the
implementation in [19]. This error results in a frequency offset and a residual temperature coefficient
of the oscillator. [19]

3.4.3 The performance

The afore-described topology was fabricated in a 90-nm general-purpose CMOS process by the
authors of [19]. Table 3.4 presents the measured parameters of the oscillator.
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Process (nm) 90

Frequency (MHZz) 51.3
Power supply voltage (V) 0.8
Power consumption (uW) 18
Temperature coefficient (ppm/°C) 21.8 @ — 20 to 100°C

Freq. variation due to power supply (%) +0.53 @1.2t0 0.8V

Area (mm?) 0.027

Phase noise (dBc/Hz) —83.3 @ 1 MHz offset
RMS of jitter per period (%) 0.45

FOM (dB) 192

Table 3.4 Performance summary of the oscillator in [19].

3.5 Discussion on the studied proposals

The afore-presented practical designs are described and explained separately, and their presented
advantages were claimed by the authors. However, the primary goal of the research in Section 3 is to
find the most appropriate topology and ideas to use them in my implementation of the oscillator
according to the task. Therefore, further subsections contain detailed discussion of the presented
topologies with respect to each other and theoretical insights described in Section 2.

3.5.1 Performance summary

The performance summaries of [14], [17]-[19] are summed up in the following Table 3.5.
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Reference [14] [17] [18] [19]
Process 0.18 um CMOS 0.09 um CMOS 0.35 pm CMOS 0.09 um CMOS
Freq. (MHZz) 14 0.1 4 51.3
P. s. voltage (V) 1.8 - 3 0.8
Power cons. 45 pw 0.28 uW 840 pwW 18 W
+0.75 % +0.68 % 53.9 ppm 21.8 ppm

Variation on temp.

@ —40to125°C @ —40to90°C @ —30t0120°C | @ —30to 120°C
Variation on +0.16 % +0.82 % +0.6 % +0.82 %
p. supp. @1.7t019V @0.725t0 09V @24t04V @0.725t0 09V
Area (mm?) 0.04 0.12 0.05 0.027
Start-up time 140 cycles 1cycle 1 cycle 147 cycles, 3.3 ps

Table 3.5 Comparative performance summary of the designs from [14], [17]-[19].

The first thing that can be noticed, when looking at the Table 3.5, is that the power consumption of
the oscillator from [17] has an extremely low value, compared to the designs with other topologies.
However, the topology of the oscillator from [17] implies usage of the two-integrator oscillator with
its replica (Figure 3.5), what increases the power consumption. The design from [19] is implemented in
the similar technology and utilizes two-integrator oscillator too, being without any replica it consumes
64 times more power. So, the power consumption of the design from [17] is considered as outlier and
is ignored.

The noise performances of the presented topologies are not compared, since the authors expressed
them in different measures. Also, there is no reason to compare the area occupation of the designs,
since they are implemented in different technologies.

Comparing the performance parameters in Table 3.5, we can see that the oscillator presented in [19]
is the most outstanding. However, it has a disadvantage of the long start-up (3.3 us), what is not critical
for the purpose of the automotive design.

3.5.2 Comparative analysis

The analysis of the measured results, of the designs implemented by the authors, in Section 3.5.1 gives
a good outlook on the possibilities of different approaches. However, the technology | have at my
disposal has surely different features, and it is a big question whether the best topology from articles
would have similarly good performance when implemented in I14TE. Therefore, the comparative
analysis, based on the theory from Section 2 and practical considerations for automotive design is
presented.
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Considering the discussion in Section 2.1.3, we can estimate that the DT design proposed in [18]
(Section 3.3) has greater susceptibility to the reference voltage noise compared to the other presented
topologies ([14], [17], [19]), since it implements the topology of the one-integrator oscillator (Figure
2.4), as opposed to the two-integrator oscillator (but without memory bypass in [14], [17], [19], Figure
2.5). The topology with the voltage averaging feedback [14], however, is problematic in that respect
as well, since it implies charging from the power supply through the resistor and the slope of the
capacitor voltage waveform is enormously degraded in the vicinity of the decision point, Figure 3.3a.
Moreover, the integrator employed in this design corresponds to the type 1 (Figure 2.1) from Section
2.1, and as it was discussed the tunability is degraded as well.

The problem of the comparators mismatch can be considered in the two-integrator oscillator, being
utilized in [14], [17], [19]. However, the topology with IEF in [19] has dynamical compensation of the
comparators influences by applying IEF separately to each comparator. Even though the principle
applied in the voltage averaging feedback topology in [14] has similar concept, its reference is common
to both comparators and the mismatch cancelation is absent. As for the topology with the feedforward
control [17], it employs 4 comparators, so the mismatch issue is even more critical.

The noise modeling by Verhoeven [4], discussed in Section 2.2.1, allows to predict the impact of the
1/f noise on the presented topologies. Using the classification of the noise sources by the correlation
to the switching action of the regenerative oscillator in [2], [4] (Section 2.2.1), we can conclude that all
the presented topologies in Sections 3.1-3.4 employ current sources uncorrelated to the switching
action, then the systems shape the current noise by the response depicted in Figure 2.19, and the
impact of 1/f noise from the current sources is minimal. As for the reference voltage noise, the system
with DT [18] has the reference correlated to the switching action, Figure 2.18, and it can be seen that
1/f noise of the voltage reference, in this case, has a great influence. The other topologies in [14], [17],
[19] does not suffer from 1/f noise of the voltage reference, since their reference voltage sources are
uncorrelated to the switching action (the noise shaping depicted in Figure 2.16).

Expression (14) from the Section 2.2.2 suggests that the amount of jitter is directly proportional to the
number of decision points for the comparator. In that relation, the feedforward control scheme [17]
has the worst prediction, since it has twice as more decision points than other presented architectures,
Figure 3.6.

Section 3.1.3 described the effect of flicker (1/f) noise reduction in the oscillator with voltage averaging
feedback. The authors [14] claimed that the proposed voltage averaging feedback reduces the flicker
noise due to its closed-loop structure. If we consider the topology with IEF [19] (Figure 3.12), we can
notice that IEF employs closed-loop structure as well, and basically IEF is a kind of distributed voltage
averaging feedback for two comparators, so similar noise reduction is expected.
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4 High-level modeling

Considering topologies reviewed in Section 3, it can be understood that the relaxation oscillator is a
complex system employing a number of different blocks. And, it would be extremely difficult to start
analyzing it directly from the lowest (transistor) level, since the general parameters and influences,
considered at the high-level design, would become relative to each low-level component (e.g.
transistor) used in the design, and the procedure would become extremely complicated. Therefore, a
top-down approach is followed in the analysis through the high-level modeling (HLM).

4.1 The chosen topology for the implementation

The literature research in Section 3 overviews recent proposals for the integrated relaxation oscillator
design and allows to utilize already tested and practically implemented approaches. The conclusion,
coming from the research, postulates that the most appropriate architecture of the oscillator design
(Section 3.5), according to the requirements in the task, is the relaxation oscillator with IEF, presented
in [19]. Therefore, the oscillator implementation in this thesis is based on the topology from the article.

The chosen architecture is depicted in Figure 3.12 and the description of the operation can be found
in Section 3.4. The following relation defines the oscillation period for the system (based on the Figure
3.12):

CrefVin
(VDD_Vref)/Rref

TOSC =2 +td] (35)

where Gy is the reference capacitance; V, is the reference voltage for the comparator from the
output of IEF; Vpp is the power supply voltage; V¢ is the reference voltage for the current source
(op-ampl and op-amp3 in Figure 3.12); R, is the reference resistance for the current source; tg is
the delay time of the comparator.

The charging current in (35) is defined by

I=Vop = Vyer)/Rres (36)

Considering that the IEF is invoked to compensate the delay t,; after the settling, the relationship (35)
can be simplified for the nominal state of operation to

CrerV.
TOSC — 2 . [ refI set] (37)
where Vg, is the peak level of the charging ramp for the systems without delays, but, in the considered
system, it is fed to IEF.

So, according to (37), the frequency of the oscillator is defined primarily by Cyf, I and Vg, as in the
ideal case of the two-integrator sawtooth oscillator.

4.1.1 Recommendations on the design

Relationship (37) shows that frequency of the oscillator directly depends on and suffers from the
variation of the quantities: Cycr, I and V. In the article [19], the charging current was defined as
shown in (36), employing temperature compensated resistance R.. This approach allows to reduce
the impact of the reference voltage and the current source variations by defining V,; as

Vset = Vpp — Vref (38)
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So, substituting (38) to (36) and then to (37) gives
Tosc = 2" Ryer * Crer (39)

Relationship (39) implies that the frequency of the oscillator will be stable in case of temperature and
process compensation of the reference resistance and capacitance. The process compensation can be
performed by trimming (digital adjustment of the resistor divider, capacitor divider, or the current
mirror ratio). The temperature compensation of the resistor can be performed as in [19] by utilization
of the resistors with the TCs having opposite sign. Another approach is the utilization of the resistors
and capacitors having negligible variations with temperature (to keep the frequency error within the
2-% range as stated in the task).

The authors in [19] discussed the influence of the sampling capacitor C; on the charging ramp of the
oscillator, Section 3.4.2, Figure 3.16. It was shown that the sampling capacitor, being 4 times smaller
than the reference one (C,..5), does not affect the period of the oscillation, but it degrades the charging
ramp in the initial phase of charging. As it can be seen from Figure 3.16, the slope of the charging ramp
decreases in this process. It is clear that the higher the value of the sampling capacitor, the longer is
the phase of ramp degradation and the smaller is the slope. According to the discussion in Section
2.1.3, the impact of the reference voltage noise is greater when the slope is smaller, so the sampling
capacitance has to be chosen much lower than the reference capacitor value.

Section 3.4.2 brings us another design recommendation concerning the switches between capacitors
Cs and Cpep. In [19], it was mentioned that the switch between Cs and Cy.¢ has 4-mV tracking error
voltage in their implementation and this error results in a frequency offset and a residual temperature
coefficient of the oscillator. Therefore, the lowest on-resistance of this switch must be insured.

Inequality (32) suggests the stability criterion of the IEF and has to be taken into account in the practical
design.

4.2 Simulation of HLM

The Spectre simulator was used to conduct the analysis by implication of the general idealized high-
level blocks (i.e. operational amplifiers, comparators etc.). This section reveals the results in that
respect and the effects of common negative features of the high-level blocks on the system operation.

4.2.1 The set-up

The simulation of HLM, conducted in Spectre simulator, employed only the transient analysis with
default settings for convergence. The analog part of the system with IEF was assembled in schematics
view of the Cadence software with ideal blocks. The logic circuits employed in the simulation circuit
were the real transistor-based blocks, that are described in Section 5.1.

Figure 4.1 depicts the schematics view of the HLM simulation set-up. The set-up differs from the circuit
in Figure 3.12 by the application of the SR-latch with non-inverted inputs, and hence the comparators
produce logical ‘high’ to trigger the latch. In HLM set-up, the reference capacitors CREF1 and CREF2
are charged by the ideal current sources CURR1 and CURR2 correspondingly, so the reference current
source is not modeled, since it is clear from (37) that it has a direct influence on the frequency stability.
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Figure 4.1 The schematics view of the HLM simulation set-up.

The op-amps 01 and 02 with the ideal capacitors Cl1 and CI2 in the negative-feedback loop model the
IEF blocks. The capacitors Cl1 and CI2 are set to 1 pF, as well as CREF1 and CREF2. The sampling
capacitors CS1 and CS2 are set to 250 fF (1/4 ratio to the reference capacitor value; same ratio as
applied by the authors, who proposed IEF). So, the relationship (32) is valid and the IEF blocks are
supposed to be stable. The ideal DC voltage source V2 defines the reference level Vref for the IEF
blocks, itis setto 1.21 V, what corresponds, according to the task (Section 1.2), to the band-gap voltage
reference that will be available on the chip. The ideal current references CURR1 and CURR2 were set
to 24.2 pA to simulate 10-MHz frequency simulation (relationship (37)). The DC source VO sets the
power supply voltage, required for the logic blocks, to 3.3 V. The threshold voltages of the ideal
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switches S1, S2, S3, S4, S5, S6 are set to 2 V. These switches have the resistors of 1 kOhm value
connected in series to model the non-ideality of the real switches.

Parameter Description Value
AdB Differential gain (dB) 70
Fc Cut-off frequency 1
(MHz)
Rin Input differential 1

resistance (MOhm)

depending on the

Vos Input offset voltage (V
Py voltage (V) simulation
SR Slew-rate (MV/s) 1
Output voltage
Kdump P 8 20

dumping factor (-)

Table 4.1 Parameters of the ideal op-amp block employed in HLM.

Table 4.1 shows the settings of the op-amps blocks O1 and O2. Table 4.2 presents the settings of the
comparator blocks COM1 and COM2.

Parameter Description Value
Vhigh Hight level voltage (V) 33
Viow Low level voltage (V) 0

depending on the

tdel Propagation delay (ns) simulation
trise Rising edge duration (ns) 3
tfall Falling edge duration (ns) 3
hystp Positive hysteresis (V) 0
hystn Negative hysteresis (V) 0
Vos Input offset voltage (V) dep:;d&Tiizr;the

Table 4.2 Parameters of the ideal comparator block employed in HLM.
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As it can be seen from scheme in Figure 4.1, the HLM did not include any start-up circuitry. The start-
up was realized by the initial conditions setting: 0 V at the negative input terminals of the both op-
amps; 0 V at the output terminal Q of the SR-latch; 3.3 V at the output terminal Qb of the SR-latch.

4.2.2 Verification of the concept

To verify the concept chosen for the implementation the simulation with the following settings was
conducted: tdel = 20 ns, Vos = 0 V for both comparators; Vos = 3 mV for both op-amps.
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Figure 4.2 The output waveform of the oscillator (voltage of the Q terminal in Figure 4.1) — blue (Vq), and the frequency
waveform of Vg — red (fq). Conditions: tdel = 20 ns, Vos = 0 V for both comparators; Vos = 3 mV for both op-amps.

The output waveform of the oscillator at the terminal Q (Figure 4.1) is presented in Figure 4.2, with its
frequency over time. The output frequency of the oscillator, in fact, reaches the predefined value,
overcoming the 20 ns delay of the comparators, after some settling time as was expected in the
conceptual overview, Section 3.4. Even though the predefined value was 10 MHz, and it is slightly
higher in the plot, this inaccuracy can be neglected, since the effect of the equivalent on-resistance of
the discharging switches (resistors R2 and R3 in Figure 4.1) is not considered in the relationship (37),
and the values of R2 and R3 would be significantly lower than 1 kOhm in practical design.

The compensation process is depicted in Figure 4.3. The plot contains waveforms of the charging
capacitor CREF1 voltage and the reference voltage Vth1 for that capacitor, being produced by IEF. It
can be seen that the reference level is adjusted dynamically, and the peak voltage of the capacitor is
kept at 1.21 V after the settling.
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Figure 4.3 The voltage waveform of the reference capacitor CREF1 (Figure 4.1) — blue (Vcrefl), and the output voltage
waveform of IEF block connected to CREF1 (node Vth1in Figure 4.1) — orange (Vth1). Conditions: tdel = 20 ns, Vos =0
V for both comparators; Vos = 3 mV for both op-amps.

4.2.3 Impact of the switches internal resistance

The simulation for this section was conducted with the following settings: tdel = 2 ns, Vos = 3 mV for
both comparators; Vos = 3 mV for both op-amps.
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Figure 4.4 The voltage waveforms of the reference capacitor CREF1 with the resistor R2, at the discharging switch S1,
of: 1kOhm —green (Rs1 = 1k), and 10 kOhm —red (Rs1 = 10k). Conditions: tdel = 2 ns, Vos = 3 mV for both comparators;
Vos =3 mV for both op-amps.

The impact of the internal resistance (R2) of the discharging switch (S1) was inspected by comparing
the voltage waveforms of the reference capacitor CREF1 depicted in Figure 4.4. High on-resistance of
the switch degrades the waveform of the capacitor (red waveform in Figure 4.4) by preventing it from
the complete discharge, so the initial voltage at the capacitor before every charging cycle is notat 0 V.
It shortens the charging phase and increases the output frequency of the oscillator. Moreover,
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considering that the internal resistance is always dependent on the temperature, this process
introduces an additional factor of the frequency drift.

Also, the influence of the internal resistance (R5) of the switch (S2), which is located between the
reference and sampling capacitors: CREF1 and CS1, was tested. Figure 4.5 depicts the waveforms of
the voltages at the capacitors CREF1 and CS1, when the resistor R5 is set to 10 kOhm. The slope of the
voltage of the capacitor CREF1 is degraded and the sampling of the peak voltage at CREF1 is not correct.
It implies that the IEF function will be corrupted, resulting in the poor comparator propagation delay
compensation, and again — additional frequency drift on temperature changes.

I verefl Bl Vesl

R L L L L L L LR Ly L L LRl L Ly L L Ry L E ) B L R Ay R B LARE) R s LN LA LR LR L
4.96 4.97 4.98 4.99 3.0 5.01 5.02 5.03 5.04 5.05 5.06 5.07 5.08 5.09 3.1 511
time (us)

Figure 4.5 The voltage waveforms of the reference capacitor CREF1 —red (Vcrefl), and the sampling capacitor —green
(Vesl1), when the internal resistance (R5) of the switch (S2) between these resistors is set to 10 kOhm. Conditions: tdel
=2 ns, Vos =3 mV for both comparators; Vos = 3 mV for both op-amps.
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4.2.4 Impact of the comparators matched and mismatched offsets
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Figure 4.6 The oscillator frequency over time for the case of comparators without offset — green, and with offset —red.
Conditions: (1%t run) — tdel = 1 ns and Vos = 0 V for both comparators, Vos = 0 V for both op-amps; (2" run) — tdel = 1
ns and Vos = 10 mV for both comparators, Vos =0 V for both op-amps.

The function of IEF was inspected on the matter of cancelation of the matched comparators offsets.
The results are shown in Figure 4.6. After the settling, the oscillator frequency of the system with
comparators offsets is equal to the frequency of the system without offsets. The comparator offset is
compensated, since, given the same charging slope of the reference capacitors every cycle, it can be
considered as a part of the propagation delay.

I VthZ Il Vthl
3.4

31

29

27

ba
w

Voltage (V)

ba
ta

b2
—

=
k=]

1.7

1.5

1.3

1.1

0.9

LR R R R LR L R L L R L L R L L L L L R B L LR R B R A R R R R A A R L R R R A A AR RS RARARA AN
0.0 0.5 10 15 2.0 25 3.0 35 4.0 45 5.0 5.5 6.0 6.5 7.0
time (us)

Figure 4.7 The voltage waveforms (Vth1l — red and Vth2 — green) from the outputs of the IEF blocks of two different
branches of the system. Conditions: tdel = 2 ns, Vos = 1 mV for the comparator COM1; tdel = 10 ns, Vos =5 mV for the
comparator COM2; Vos = 3 mV for both op-amps.

The mismatch between comparators was modeled by introducing different propagation delays and
offsets to the blocks COM1 and COM2. The adjustments of the reference voltage levels by the IEF
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blocks is shown in Figure 4.7. Figure 4.8 demonstrates the reference voltage levels and the charging
capacitors voltage waveforms after the system is settled. It can be seen that the capacitors waveforms
are identical and have their peaks at 1.21 V. So, the IEF effectively handles comparators mismatch by
the reference voltage adjustment.
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Figure 4.8 The voltage waveforms (Vth1l — red and Vth2 — green) from the outputs of the IEF blocks of two different
branches of the system, and sampling capacitors CREF1 — purple (Vcrefl), CREF2 — orange (Vcref2). Conditions: tdel =
2 ns, Vos = 1 mV for the comparator COM1; tdel = 10 ns, Vos = 5 mV for the comparator COM2; Vos = 3 mV for both
op-amps.

4.2.5 Impact of the mismatch between the operational amplifiers
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Figure 4.9 The voltage waveforms of Vth2 when the op-amps are matched — green, and mismatched — red, after the
settling. Conditions: tdel = 2 ns, Vos = 3 mV for both comparators; Vos = 10 mV (3 mV, when simulating matched op-
amps) for OA2 and Vos = 3 mV for OA1.
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As follows from the simulations depicted in Figure 4.9 and Figure 4.10, when the operational amplifiers
in the IEF blocks have the mismatched offset voltages, this mismatch directly transfers to the difference
of reference voltages in two branches of the oscillator (Vth1 would correspond to Vth2, when the op-
amps are matched). It leads to the corruption of the oscillation duty cycle, Figure 4.10. The simulation
in Figure 4.9, also, shows that even if the op-amps are matched, their offset voltages degrade the
adjustment of the correct compensated reference voltages for the comparators. So, the op-amp offset
voltages have to be minimized in the practical implementation.
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Figure 4.10 Duty cycle of the oscillator output when the op-amps are matched — green, and mismatched — red.
Conditions: tdel = 2 ns, Vos = 3 mV for both comparators; Vos = 10 mV (3 mV, when simulating matched op-amps) for
OA2 and Vos =3 mV for OA1.

4.2.6 HLM summary

The topology utilizing the IEF technique was chosen, based on the literature research, to implement
the system corresponding to the task. For that matter, the design recommendations were postulated
in Section 4.1.1.

The HLM simulations showed that the application of IEF is, in fact, a valid approach to compensate the
influence of the comparator offset voltage and propagation delay in basic two-integrator sawtooth
oscillator. Moreover, the simulations proved that the chosen topology is able to cope with the
mismatches of the comparators, successfully compensating them.

However, it was noted that the offset voltage between the operational amplifiers impacts the
reference levels fed to the comparators and caused the corruption of the duty cycle. Also, the HLM
simulations uncovered the negative consequences of the internal resistance of switches on charging
ramp of the reference capacitor and sampling precision.
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5 Block design

The implemented blocks correspond to the original proposal of the authors of IEF approach [19], but
with slight differences.

For example, it was decided that the operational amplifier of the same topology will be used all over
the system: in the current reference source, and in integrators of IEF blocks. However, the SR-latch
was chosen with non-inverted inputs to have the comparators regenerating to the ‘high’ state in the
point of decision. Because during the simulations of the comparator block, it was found that the chosen
architecture has smaller propagation delay, when switching to the ‘high’ state.

The simulations, shown in this section, were performed in Spectre simulator. Their goal is to show the
prediction of the most important parameters of the designed blocks and their influence on the system
performance, according to the HLM, Section 4. The designed blocks parameters ignored in this
consideration were set to the standard reasonable values (e.g. DC amplification of the op-amp, output
and input voltage range of the op-amp etc.).

There were only 2 types of transistors employed in the design: PMOS and NMOS from the same family.

The designing procedure included the following consecutive steps: choosing the appropriate topology,
rough hand calculation of the components parameters (i.e. MOSFETs dimensions, resistors values,
capacitors values etc.) for optimal performance, adjustments of the components parameters based on
the simulations.

The process variations were simulated via inclusion of the corners for the considered technology. The
general description of the considered corners is shown in the following Table 5.1.

Component type Corners employed in the simulations

both Slow, both Fast, Fast NMOS — Slow PMOS, Fast
NMQOS and PMOS | PMOS — Slow NMOS, voltage output high, voltage

output low
Resistor highest value, lowest value
Capacitor highest value, lowest value

Table 5.1 Overview of the process corners employed in the simulations.

5.1 Logic devices

The considered design requires just several logic blocks: an inverter, a NOR gate and a SR-latch.

The designs of the inverter and the NOR gate were already available from the libraries of the company
ON Semiconductor. But, basically, they were implemented in the most classical way.

The SR-latch was built using the available NOR gates, Figure 5.1.
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Figure 5.1. The schematic view of the implemented SR-latch.

The simulation was conducted just on the designed SR-latch to estimate roughly its slew rate. Figure
5.2 depicts the result and it can be clearly seen that there is no reason to worry about the delays caused
be the latch, since it does not drive any loads. The same conclusion can be done in respect to the
inverter and the NOR gate, since their operation speed is faster than the speed of the SR-latch.
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Figure 5.2. Slew rate of the SR-latch in nominal conditions and power supply voltage of 2.7 V.

All the logic devices were put in one block to spare some space on the canvas, when assembling the
whole system. Further in the thesis the logical block will correspond to the schematic in Figure 5.3.
When compared to the HLM schematic in Figure 4.1, it is clear what functions are presumed in the
block in Figure 5.3. However, there is the slight modification: transistor switches M30 and M31, whose
function is the start-up (the same nodes were pushed to the same voltages in HLM simulation by
settings of the initial conditions).
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Figure 5.3. Logic block of the implemented design.

5.2 Operational amplifier

As it was mentioned, the same op-amp block is supposed to be replicated all over the design. In
opposite to the original design in Figure 3.12, only one op-amp provides the charging current reference
source, which is later replicated for both reference capacitors by the current mirror. The other two op-
amps are employed in the IEF blocks.

In order to simplify the design procedure, the folded-cascode topology was chosen, Figure 5.4. The
reason is that the folded-cascode op-amp has its dominant pole, defined by its output impedance, so
the stability compensation is done by the load capacitance C; (Figure 5.4) without any Miller effects
and right-half-plane zeroes.

Vbp
Iy ‘# Iy ( :hcml}*u‘:rmxl\w\
+ - ) ||—l—|| on
o— o
Vaiasi

Input differential

pair

Qs‘ilj—l 5o IC‘
Q;L Oy

—Vss

-<— Cascode current
mirror

Figure 5.4. Principle circuit of the folded-cascode op-amp. The image is taken from [20].

Figure 5.5 depicts the designed op-amp. It was decided that the amplifier will be biased by typical 5 pA
from the PMOS. As it can be seen, the cascode transistors Cosnl and Cosn2 are biased by the voltage
drop on the resistor RO plus saturation voltage of Mn1. It was decided to implement the cascoded
current mirror at the output stage by the wide-swing topology to increase the output voltage range,
while at the same time utilize benefits of the ordinary cascode (as e.g. in Figure 5.4), since, as it was
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estimated during HLM that the op-amp offset is critical in the IEF. This cascode was biased by the diode-
connected transistor BpO with long channel.

The circuit, also, has power down switches MO, PDn0, PDp1, PDp2 and PDp3, which assure the
shutdown of the current mirrors in the circuit.
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Figure 5.5 The designed op-amp block. The dimensions of the components are depicted (for NMOS and PMOS: wg —
channel width, Ig — channel length, m — number of transistors in parallel, ng — number of gate-fingers).
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5.2.1 Offset voltage

As it was mentioned and uncovered in Section 4.2.5, the op-amp offset directly affects the reference
level at the output of IEF, so the primary goal in designing the op-amp was to reduce the offset voltage
to the minimum, which is caused by the currents mismatch in the branches of the circuit. So, it was
insured that all the transistors in current mirrors are well-saturated and cascode transistors are
sufficiently biased. Also, the channel lengths of the transistors in current mirrors were set to
sufficiently high value.

The set-up for the offset simulation is shown in Figure 5.6. The simulation was performed by DC
analysis in the temperature range of -40°C to 175 °C, power supply voltages Vdd = 2.7 V and 3.6 V (at
DC voltage source V1, Figure 5.6). The biasing current was fed to the op-amp by the current-controlled
current source FO, which replicates the current flowing through the DC voltage source V2 and the
Rppoly resistor RO, what is done to model the biasing current variations with process variations. The
process variations were considered by the corner analysis.

yedans PD PDb
V1 v V5 G gnd
vdc=Vdd vdc=0 vdc=vdd vdc=0
fgain: 1.8
vref="1y2"
gnd gnd gnd gnd Fa
DUT@
B
INN =2
—l— _ -
" OpAmp =
rppolyhr R® ouT
vde=99.99%5m s +
1=7.62 INP o 2
w=08.45 o [a %
ns=1
np=1
m=1 FD PDb
gnd

Figure 5.6 Simulation set-up for the op-amp offset estimation.

The offset voltage was taken as a difference of voltages between the node at the output of the op-
amp and at the positive terminal. And, the result for the worst corner was 343.2 uV, what can be
considered as a negligible value.

However, the corner analysis applies the process variation model on all the components
simultaneously and the effects of mismatches cannot be seen. Therefore, the Monte Carlo analysis
was undertaken for the same corner, temperature and power supply variations. The results are in
Figure 5.7. It can be estimated that for the confidence interval of 5 standard deviations, commonly
applied for automotive design, the op-amp offset voltage can reach up to 13 mV.
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Figure 5.7 The statistics of the op-amp offset voltage simulated by the Monte Carlo analysis over process (all the
considered corners), temperature (-40°C and 175°C), power supply (2.7 and 3.6 V) and mismatch variations.

Also, it has to be noted, this kind of offset simulation is also dependent on the op-amp gain, so it was
adjusted in the design as well.

5.3 Comparator

As it was mentioned and analyzed in Section 4.2, the comparator negative features like offset and
propagation delay are well compensated by the IEF. But, looking at the waveform in Figure 3.16, we
can conclude that the reference capacitor should be switched during the time interval t,, when its
charging ramp is linear. Since in the interval t; of the charge exchange with the sampling capacitor,
the charging ramp slope is degraded, what increases susceptibility to noise, as it was mentioned earlier
in the thesis in Section 2.1.3. It implies that the propagation delay of the comparator should be smaller
than t,.

On the other hand, according to the Gierkink’s jitter derivation in Section 2.2.2, the faster the
comparator is, the greater its noise band is. So, the comparator speed has to be optimized accordingly.

5.3.1 The topology

The topology used for the comparator realization is presented in Figure 5.8. It is based on the classical
two stage amplifier with the buffer at the output stage to improve the speed. The systematic offset is
compensated by the adjustment of transistors PO and Mp1, Mp2 to have the same saturation voltage.
The “power down” switch M19 ensures logical “0” at the output of the comparator, when power down
is active (PDb = “1”). The comparator requires 5-uA biasing current from PMOQOS, as the op-amp.

The comparator slew rate is affected by the currents flowing through the branches and by dimensions
of the transistors Mp1, Mp2, PO, since the node at the gate of PO defines the dominant pole of the
circuit. At the same time, the non-systematic offset of the system is dependent on the dimensions of
the same transistors: the smaller the dimensions, the higher the offset. Since both the offset voltage
and the slew rate affect the overall propagation delay of the comparator in the considered application,
the dimensions of Mp1, Mp2 and PO were optimized, using the simulation in the following Section
5.3.2.

51



nGdl
add
. 907 !

Pm——————————————
9ad NIHM .24

B
B

lug

G

iDSSA |

By
B

zug

I
g

=B
=bm
LN

ioppALTR
A ]

=b
=6m
ZONJ

3
jossal
v’

<
C
=

iDPPACTG

Figure 5.8. Schematic of the implemented comparator. Power down sets the initial value of the comparator to logical
‘low’.

5.3.2 The simulation

Figure 5.9 presents the set-up to simulate the propagation delay of the designed comparator. The
simulation was performed in transient analysis with the default settings on accuracy and convergence,
in the temperature range of -40°C to 175 °C, power supply voltages Vdd = 2.7 V and 3.6 V and corners
of the process variations of the components parameters. The variation of the biasing current was
modeled by the Rppoly resistor as in Figure 5.6. The output terminal of the comparator was connected
to the SR-latch to model the real load capacitance, the comparator encounters in the complete system.
The negative terminal of the comparator was fed by the reference voltage 1.21 (as in the task), the
positive one was fed by the voltage source V4 that modeled the ideal charging ramp of the reference
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capacitor at 10 MHz operation. The delay was determined as a time interval between the point, where
the voltage ramp from V4 reaches the reference level of 1.21 V, and the point, where the output of

the comparator reaches a half of the power supply voltage.
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Figure 5.9. The simulation set-up for the comparator. The input is fed with a voltage ramp of the same slope as expected

in the complete system.

Figure 5.10 depicts the result of 7 ns and the waveforms from the voltage source V4 and output of the
comparator for the worst corner (capacitors: lowest value, MOSFETSs: slow, resistors: highest value,
temperature: 175 °C, power supply voltage: 2.7 V). The result is acceptable, since the charging ramp of

the reference capacitor in 10-MHz system lasts 50 ns.
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Figure 5.10. Simulation waveform of the comparator for the worst corner. V4 voltage waveform (Figure 5.9) — red;
comparator output voltage waveform — green. The resulting propagation delay is approximately 7 ns.
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5.4 Charging current source

Figure 5.11 presents the designed current source. It is implemented by the afore-mentioned
operational amplifier, that senses voltage drop of the R1 resistor and keeps it at the reference level (of
1.21 V) by setting the gate voltage of the PMOS M1. The topology differs from the more common
approach, e.g. depicted in Figure 3.12, where the op-amp keeps the voltage at the resistor through the
voltage follower. The reason is that when the more traditional approach was tested, it turned out that
at the lowest value of power supply voltage of 2.7 V the op-amp upper output voltage limit was too
small to keep the NMOS, connected as a voltage-follower, in saturation region, or the enormously huge
NMOS had to be used. That problem was caused by the fact that 1.21 V at the source of NMOS caused
too severe body effect.

The ideal resistor R1 is supposed to be replaced by the trimmed resistor divider with small temperature
coefficient.

The PMOS transistors at the output have the dimensions to reduce mismatch (caused by A-effect) and
to produce 25-pA reference current, when the reference voltage of 1.21 V is applied. However, these
transistors will be trimmed as well to enhance the trimming range of the oscillator output frequency.
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Figure 5.11 The schematic of the implemented current reference. The NMOS M23 is a compensation capacitor. The
resistor R1 is ideal, since trimming is expected.

5.4.1 The simulation

Figure 5.13 depicts the set-up of the designed current source simulation. The DC and stability analysis
(stb) from Spectre simulator were employed in the temperature range of -40°C to 175 °C, power supply
voltages Vdd = 2.7 V and 3.6 V and corners of the process variations of the components parameters.
Voltage source V7 is a current probe for the stb analysis. The op-amp is biased by the modeled current
source, the same way as in previously described simulations. The DC simulation was used to estimate
the dependence of the output current on process and temperature variations, when the ideal (or the
trimmed resistor with negligible TC) resistor R1 is utilized.
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Figure 5.12 depicts the result of the stb analysis of the designed current source for the worst corner
(capacitors: lowest value, MOSFETSs: fast nmos — slow pmos, resistors: lowest value, temperature: -40
9C, power supply voltage: 2.7 V). It can be seen that the phase margin exceeds 60° (the system is
considered to be stable).

DC simulations showed that the output current varies in the range of 25.03-25.05 pA (over all the
corners, temperature, power supply voltage), so its error is negligible.
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Figure 5.12 The worst corner simulation result, of the designed current source, with the phase margin of approximately
600,
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Figure 5.13 Simulation set-up to estimate frequency stability and precision of the designed current source.
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5.5 The IEF block

Figure 5.14 presents the IEF block used in the design. The capacitor in feedback is implemented by the
NMOS transistor. The capacitance of the transistor is not stable over voltage and temperature
variations, but the capacitor in the feedback of IEF just has to integrate the voltage error of the
reference capacitors. And, its inaccuracy has an influence only on the settling time, (33), and on the
IEF system stability, (32). Given that the condition (32) is satisfied and the settling time is not a critical
issue, it is presumed that the inaccuracy of the feedback capacitor has no impact on the system
performance and can be ignored.

Figure 5.14 Implemented IEF block. The op-amp is taken from Section 5.2, NMOS MO is feedback capacitor, NMOS M32
is a power down switch for the initial state setting. Pin CS is a connection to the sampling capacitor through the switch,
pin VREF is a connection to the voltage reference defining the charging capacitors peak voltage, pin Vth is an output of
the IEF block defining the reference voltage for the comparator.

5.5.1 Stability of IEF

Figure 5.15 presents the set-up for the IEF block stability simulation (stb analysis) in the temperature
range of -40°C to 175 °C, power supply voltages Vdd = 2.7 V and 3.6 V and corners of the process
variations of the components parameters. Voltage source V3 is a current probe for the stb analysis. An
ideal resistor R4 having 100 MOhm was added to close the DC feedback loop for the stb analysis. The
op-amp is biased by the modeled current source via Rppoly resistor.

NMOS M1 is a sampling capacitor and an ideal resistor R1 models the on-resistance of the switch
between the sampling capacitor and the IEF block.

The simulation results showed that the worst corner suggests phase margin of 89 °, so the systems is
stable.
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Figure 5.15 Simulation set-up for the IEF block stability analysis.

5.6 Switches

According to HLM, Section 4.2.3. The internal resistance of the switches has detrimental effect on the
performance of the oscillator. Since the switches are implemented by MOSFETSs, the resistance can be
minimized by correct adjustments of the MOSFET channel dimensions.

The longer the length of the MOSFET channel, the higher is its resistance. So, in my design, the channels
lengths of all the MOSFETs in the switches were set to minimum values. Further reduction of the
MOSFET channel resistance was performed by increasing of the channel width.

5.6.1 Discharging switch

The switch, whose task is the discharge of the reference capacitor (51 and S4 in Figure 4.1), was realized
by the single NMOS with wide channel, M7 in Figure 5.16. The dimensions of this NMOS were chosen,
so that the reference capacitor is discharged at the level of units of mV.
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Figure 5.16 Simulation set-up for the discharging switch NMOS M7. DC voltage source V2 sets the power supply voltage
(2.7 Vand 3.6 V), VO and V1 are set to 0 V to trigger the NOR gate to the ‘high’ state (so the switch M7 sees the same
voltage on its gate as in the system).

Figure 5.16 shows the simulation set-up used to predict the maximum on-resistance of the considered
switch. The simulation was performed in DC analysis in the temperature range of -40°C to 175 °C,
power supply voltages Vdd = 2.7 V and 3.6 V and corners of the process variations of the components
parameters. The voltage of the V4 source was swept in the range of 0 to 1.5 V. The resistance was
calculated as a ratio of the voltage and the current at the drain of M7. Further, the maximum value of
the resistance was considered.

It turned out, that given the chosen dimensions of M7, the largest on-resistance of the switch over all
the variations (temperature, power supply, process) was 1.1 kOhm for the following corner: power
supply — 2.7 V, capacitors — the highest value, MOSFETs — low voltage output, resistors — the highest
values, temperature — 175 °C.

If we consider the time constant Tt of the RC-circuit, based on the on-resistance of the switch and the
reference capacitor of 1 pF, we get T = 1.1 ns. And, after the time 5t = 5.5 ns (what is much shorter
time than the half period of 50 ns), the reference capacitor is discharged to 0.6 % of its initial voltage.
So, it is presumed that the internal resistance of the designed discharging switch will not affect the
oscillator performance.

5.6.2 Charge transfer switch

Another critical switch is located between the reference capacitor and the sampling one. Figure 5.17
presents the implementation of it (its symbolic view is in Figure 5.18). It is known that the charge
between the sampling and reference capacitors flow in both direction during different phases of
operation. Therefore, the decision was to imply the ‘transfer gate’ switch, having stable low on-
resistance.
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Figure 5.18 The symbolic view of the switch from Figure 5.17.

Figure 5.19 presents the simulation set-up to determine the on-resistance of the charge transfer
switch. The simulation was performed in DC analysis in the temperature range of -40°C to 175 °C,
power supply voltages Vdd = 2.7 V and 3.6 V and corners of the process variations of the components
parameters. The voltage of the VO source was swept in the range of -1.5 to 1.5 V. The resistance was
calculated as an absolute value of the ratio of the voltage and the current at the pin 10 of the simulated
switch. Further, the maximum value of the resistance was considered.

The maximum value of the on-resistance of the switch turned out to be 303 Ohm, what is considered
to be a sufficiently low value, since in the HLM simulations the 1 kOhm value was giving the acceptable
performance. The worst corner has the following description: power supply — 2.7 V, capacitors — the
highest value, MOSFETs — slow, resistors — the highest values, temperature — 175 °C.
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Figure 5.19 The simulation set-up of the charge transfer switch.
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6 The complete system

The complete system was realized based on the blocks from Section 5, following the structure in HLM.
The schematic of the implemented oscillator is shown in Figure 6.2.

The circuit contains current mirrors (encircled by dashed line in Figure 6.2), that provide biasing current
to the comparators and the blocks based on the op-amps. Power-down control and the start-up are
enabled through the inverter INO.

As it can be seen, the reference capacitors CREF1 and CREF2 were implemented by the ideal capacitors
from the default library in Cadence, since their capacitances directly affect the oscillation frequency
and the trimming is expected for process compensation. The reference capacitors value was set to 1pF.
The reference resistor in current charging source was, also, modeled by the ideal component from the
default library, implying the same considerations on trimming.

The sampling capacitors were implemented by NMOS transistors CS1 and CS2. As it was discussed in
Section 5.5, when the feedback capacitor was presented, the NMOS transistor connected as a
capacitor shows big variations with temperature and process. However, the sampling capacitor does
not have strict requirements on the accuracy, since its only function is the memorization of the
reference capacitor previous peak voltage. The dimensions depicted in the figure insure that the
capacitances of CS1 and CS2 are around 250 fF under nominal conditions. This is exactly 1/4 of the
reference capacitor, so the same approach was used as in the original article on the oscillator utilizing
IEF, Section 3.4.

The logical block outputs rstCREF1 and rstCREF2 trigger the discharging switches M18 and M20,
connected to the reference capacitors.

Other employed components and blocks were presented in the preceding Section 5 and their place
and function in the system was discussed in the HLM in Section 4.
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Figure 6.1 The simulation set-up of the complete system depicted in Figure 6.2.
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Figure 6.2 The designed sawtooth relaxation oscillator with IEF.
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6.1 The simulation

The simulation of the complete oscillator is presented to show the overall performance of the system,
since prediction of the performance based on the simulations of the blocks cannot assure correct
results. Moreover, the designed blocks simulations in Section 5 were conducted to estimate the most
important parameters, based on the previous theoretical study and the HLM, but it is possible that
those considerations were not correct.

6.1.1 The set-up

The set-up for the oscillator simulation is depicted in Figure 6.1. The DC voltage source V3 supplies
voltage to the analog part of the system, when the source V1 does the same for the digital part. The
controlled current source FO supplies biasing current required for the comparators and the op-amps,
with modeled variations on temperature and process using resistor R1 as described in simulations in
previous sections. The voltage source V6 sets the reference voltage that is supposed to be available
from the band-gap voltage source. The pulse voltage source V5 defines the waveform of the power-
down and the start-up (the rectangular waveform starts with 0 V and then after 10 us a wide pulse of
the power supply voltage takes place, enabling the circuit).

The simulation was performed in transient analysis with default settings on accuracy and convergence,
in the temperature range of -402C to 175 2C, power supply voltages Vdd = 2.7 V and 3.6 V and corners
of the process variations of the components parameters.

6.1.2 The results

Figure 6.3 demonstrates function of the power-down signal. The oscillations start after it reaches ‘high’
state.

The simulation results showed that the highest obtained frequency of the oscillation is 9.295 MHz and
the lowest is 8.153 MHz in all the variations. Figure 6.4 depicts the output waveform for the highest
simulated frequency.
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Figure 6.3 The simulated oscillator output waveform corresponding to the frequency of 9.295 MHz — red (Vq), and
power-down signal — green (Vpd).
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Figure 6.4 The simulated oscillator output waveform corresponding to the frequency of 9.295 MHz — red (Vq), and its
frequency over time — green.

Itis depicted in Figure 6.5, that the oscillator, for the corner producing 9.295 MHz, behaves in the same
way how it was described in the HLM in Section 4: the threshold level (red “Vth1” in Figure 6.5) for the
comparator is adjusted dynamically and the reference capacitor peak voltage is kept at 1.21 V after
the settling.
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Figure 6.5 The simulated voltage waveform (corresponding to the corner producing frequency of 9.295 MHz) of the
charging capacitor CREF1 (Figure 6.2) — greed (VCREF1), and the dynamic voltage reference for the comparator — red
(Vth1).

However, the simulation results also contained corners, for which the system was not producing any
oscillations. The example is shown in Figure 6.6. It can be seen that the output from the SR-latch is
switched only after the power-down signal goes ‘high’.

63



g _ Ve MVpd

j

= = = b2
=) ba o =]
] | | |

Voltage (V)
|

=
.
|

0.0 [
0.4 2

-0.8 =

I R R L R R L L L L L R L L I L L R B L R R L L B L R B R L A R R R A LN R AN RR R R RN
7.5 8.0 8.5 2.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0
time (us)
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signal — green (Vpd).

6.1.3 Discussion on the results
The simulation results showed that the system does not provide the expected performance.

The issue, depicted in Figure 6.6, suggests that the comparators do not produce trigger signal for the
SR-latch. It can be caused by the insufficient biasing of the comparators in certain corners, since the
biasing current source in simulations was modeled based on the variations of the resistor from the
considered technology.

A similar issue can cause large frequency variation for the other “working” corners.

There is also another unconsidered problem in the design. The switches employed in the circuit were
designed based on the HLM considerations in Section 4. The HLM simulation in Section 4.2 modeled
switches by the ideal ones with the series resistors. However, the effect of input capacitance of the
switches was not considered. When the switch is large, it has lower on-resistance, but its capacitance
on the gate becomes significant and varies with process and temperature, causing variations of the
delay.
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7 Conclusion

The initial phase of the thesis was aimed on the theoretical basis, needed for the understanding of
processes in relaxation oscillator. The first-order oscillatory systems were classified according to their
topology and its relation to occurrence of different negative effects. Great attention has been paid to
the noise modeling of the relaxation oscillator.

Theoretical considerations enabled me to conduct qualitative comparison of the integrated relaxation
oscillator topologies, presented in recent publications. It turned out that the approach of integrated-
error feedback showed the best performance based on the measurement results presented by the
authors. Moreover, this concept employed two-integrator sawtooth oscillator structure, which
according to the theoretical review was advantageous in relation to its noise performance. Also, the
idea of IEF does not require too fast comparators (with small propagation delay), so the comparators
can have smaller noise bandwidth and current consumption.

The oscillator with IEF was modeled in Spectre simulator using ideal blocks, what helped to define the
effects of the employed blocks features on the stability of the oscillation frequency. And, the obtained
results were used in the practical design.

The implementation of the oscillator was done by subsequent design of its blocks. Each block was
designed to meat the requirements postulated by the authors who proposed IEF, as well as the
requirements found during the simulations of the high-level model, based on the ideal blocks. The
simulation descriptions and results of the separate blocks in the thesis included only the most
important parameters directly influencing the oscillator performance, and the results were proven to
be acceptable.

Unfortunately, when all the blocks were assembled in the complete system, the simulations showed
that the oscillator does not have the expected performance: the frequency instability with process,
temperature and power supply variations was too high, it produced periodical signal within the
frequency range of 8.153 to 9.295 MHz. Also, it was found that in certain corners in the analysis, the
oscillator did not produce any periodical signal. As it was discussed in Section 6.1.3, the reason may be
in the insufficient biasing of the comparators.

So, certainly the design has to be improved. And, it should include additional blocks to set precise
charging current reference for any process variations: the digitally trimmed reference resistor with
temperature compensation by employing resistors with TCs of different sign, and digitally trimmed
current mirror to increase the setting control range. Also, the layout of the design is supposed to be
realized. It can induce further adjustments for area optimization and higher immunity to parasitic
capacitances, inductances etc.

Despite the unwanted simulations results of the designed oscillator, during the work on this thesis, |
obtained broad theoretical knowledge concerning relaxation oscillators, as well as, plenty of practical
skills and experience, what is a good basis for my future studies and practical employment.
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Appendices
A. Reduction of 1/f noise in MOSFET under switched bias condition

The 1/f noise is a random process defined in terms of the shape of its power spectral density S(f). The
power or the square of some variable associated with the random process, measured in narrow
bandwidth, is roughly proportional to reciprocal frequency (Figure 3.27) [8]:

S(H) =

constant

IFr

(40)

where 0 <y < 2 and usually y is close to 0.

dsi)

f
Figure 0.1 The power spectral density of 1/f noise. The image is taken from [8].

The above-presented definition is rather general, since this kind of noise is present in different physical
processes. Of course, the point of interest in this work is the 1/f noise in MOSFET. The author of [21]
referred to this kind of noise in MOSFET as flicker noise and presented one of mechanisms of its
occurrence:

The interface between the gate oxide and the silicon substrate in a MOSFET entails an interesting
phenomenon. Since the silicon crystal reaches an end at this interface, many “dangling” bonds appear,
giving rise to extra energy states. As charge carriers move at the interface , some are randomly trapped
and later released by such energy states, introducing “flicker” noise in the drain current. [21]

Gierkink’s dissertation in [5] has a chapter devoted to the discussion of the phenomenon, when the
intrinsic 1/f noise of a MOSFET during the transistor active phases can be reduced significantly by
switching off the transistor periodically. In fact, utilization of this effect can potentially improve the
design of the oscillator. So, a review of an experiment (described in [5]), that demonstrates and proves
the phenomenon, is presented below.
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Figure 0.2 The measurement setup, presented in [5], to measure MOSFET noise under switched bias conditions. The
image is taken from [5].

Figure 0.1 depicts the measurement setup for MOSFET noise measurement under switched bias
condition. The setup exploits the high common mode refection ration of a differential probe, what
enables to measure small differential noise currents superimposed on much larger common mode
switched bias currents of two equal MOSFET devices under test. The bipolar cascode transistors supply
the drain of the MOSFETs with an almost constant voltage and conduct the MOSFET drain currents to
resistors Rp; and Rp,, that convert tested MOSFET channel currents to voltages. Switched bias
conditions are established by driving gate-source voltages of the two tested devices by a common 50%-
duty-cycle square-wave signal with a maximum voltage level V;s o, and an adjustable minimum
voltage level Vs orr, Which is below the threshold voltage. So, the differential probe in an ideal
situation senses the differential voltages that is dominated by the noise current of the tested
transistors in the “on” state. However, mismatches in the tested transistors large-signal characteristics
and finite common mode rejection of the differential probe result in a residual switching signal at the
output of the probe (Figure 0.1 — the right photograph). The author of [5] claims that resistive and
capacitive trimmers were provided to equalize the common signals and thus minimize the differential
residual to sufficiently low values so as to be below the input dynamic range of the spectrum analyzer.
Moreover, the periodic nature of the switching signal results in spectral peak, that can be predicted
and taken out from 1/f noise contributions. The noise floor estimation and verification of the observed
results were done by replacing tested MOSFETs by BJTs with emitter resistors operating at the same
bias current as the tested transistors. The noise floor was claimed to be more than 10 dB below the
tested transistors noise in all the measurements.
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Figure 0.3 Measured baseband 1/f noise for constant and switched bias conditions, [5]. Measured device: HEF 4007
NMOS; switching parameters: f,;.ch = 10 kHz, 50% duty cycle, Vs on = 2.5V, Vg5 o¢f is indicated on the plot for
different curves. The image is taken from [5].

Figure 0.2 and Figure 0.3 shows the measured noise spectra of the HEF 4007 NMOS by the above-
described setup. An arbitrary reference power level was chosen in defining the vertical scale in the
figures. The upper curves on both figures show the measured noise spectrum with constant biasing at
a gate-source voltage of 2.5 V (V; = 1.9 V); the remaining curves show the noise spectrum of the
devices switched periodically between Vg ., = 2.5V and Vgg off (the values are indicated for
different curves in the figures) with 10 kHz in Figure 0.2 and 2 MHz in Figure 0.3.

Modelling the 50% duty-cycle switching operation as a simple modulation action, a 6-dB noise
reduction is expected in the 1/f noise spectrum below the switching frequency. This is because the
overall noise power is halved and distributed in the spectrum around DC and multiples of the switching
frequency. However, the measurements show an additional anomalous reduction in the 1/f noise
spectrum. Remarkably, the amount of noise reduction is dependent on the gate-source voltage in the
off-state, even if it is well below the threshold voltage V. The maximum additional reduction appears
at minimum V¢ ¢ and is about 8dB at 1kHz in Figure 0.2. Also the same effect can be seen in Figure
0.3: in the experiment for 2 MHz switching frequency, a large reduction in 1/f noise is observed, more
than the expected 6 dB due to the 50%-duty-cycle switching. [5]
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Figure 0.4 Measured baseband 1/f noise for constant and switched bias conditions, [5]. Measured device: HEF 4007
NMOS; switching parameters: fg,;;cn = 2 MHz, 50% duty cycle, Vg on = 2.5V, Vgs off is indicated on the plot for
different curves. The image is taken from [5].

The principle for reduction of 1/f noise in MOSFET devices offers an additional design improvement
for the developer. However, as it was noted by Gierkink in [5], the technique has certain limitations. It
can be used only in cases when the transistor has to be in on-state just for an interval of time.
Nevertheless, the operation principle of relaxation oscillator and generation of the periodical signals
by the oscillator, assume that MOSFET devices in the design can be biased periodically and utilize this
noise reduction technique.
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