Chapter 2
Silicon-Based Frequency References

This chapter provides an overview of silicon-based frequency references. Reduction
of size and cost as well as increased reliability have been the main motivations for
the realization of on-chip frequency references. However, the main limitation
of such references is the effect of variations in process, voltage, and temperature
(PVT) on their output frequency. This chapter reviews various state-of-the-art
implementations of silicon-based frequency references. These have been mainly
introduced in the open literature or available as products on the market. The
chapter’s main goal is to provide an overview of the pros and cons of the selected
approaches in order to build a comparison chart. Such overview should help the
reader to make a comparison between the approach described in this book, electro-
thermal frequency references, and the other available solutions.

2.1 Introduction

The stability of a frequency reference is a measure of the amount of variation in its
output frequency as a function of environmental parameters. These include temper-
ature, supply voltage, process tolerances, noise, etc. It should be noted that the
terms stability and accuracy will be used interchangeably throughout this book.
This is because they both refer to the same concept as far as the level of variations in
the nominal oscillation frequency of an oscillator is concerned. If this nominal
value is equal to fy, then its level of stability (accuracy) is measured either in parts
per million (ppm) or in percent [1-—4]. If the absolute value of the deviation in the
output frequency is Af, then the error can be calculated as:
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Various electronic systems require different levels of accuracy for their
frequency references. For instance, in some microcontroller applications references
stable from 0.01% (100 ppm) to 1% (10,000 ppm) [5] might be required, while a
wire-line data link such as USB 2.0 needs 500 ppm of clock accuracy [6]. Wireless
communication channels require tighter accuracies. For instance a cell-phone
handset application might need frequencies stable to 2.5 ppm [7], while a GPS
receiver or a mobile base-station system might require sub-ppm accuracies [3, 7].

For decades, crystal oscillators have been the only means of producing stable
frequencies. Considering their low temperature dependency, relatively low cost and
small form factor, as well as their wide commercial availability, they have a
dominant share of the frequency control market (more than 90%, equivalent to
more than 4.5 billion dollars) [3]. Quartz crystal oscillators are available with
various levels of accuracy. The non-compensated (XO) and voltage compensated
(VCXO) oscillators achieve stabilities in the range of 20—100 ppm. When they are
temperature compensated (TCXO), their accuracy is in the 0.1-5 ppm range. Oven
controlled (OCXO) oscillators achieve very high stabilities: in the order of 1 ppb
(part per billion) [3].

Apart from their high levels of accuracy, quartz crystal oscillators also have
some drawbacks. The first of them is the space they occupy on printed circuit
boards, especially when a number of frequency sources are required within one
system. Another important disadvantage is their sensitivity to mechanical shock
and vibration. This mainly affects the quartz crystal, which is in fact an electro-
mechanical part [3]. Compared to electronic circuits, whose functionality is due to
the movement of electrons, the crystal vibrates at the frequency of oscillation. This
means that any physical motion of the crystal will change its frequency [3].

The abovementioned limitations have driven the search for integrated frequency
references that can achieve the same level of stability as quartz crystal oscillators.
Such references will be manufactured in silicon, which is why they are also referred
to as silicon-based frequency references [8].

As early as 1967, the first steps towards frequency generation by means of
MEMS (micro-machined silicon) structures were taken [9]. Around 1968, the
concept of a self-referenced silicon frequency reference was illustrated with a
temperature-compensated Wien-bridge RC oscillator. Later, various types of elec-
trical oscillators such as RC, relaxation, ring, and LC oscillators have been pro-
posed. Among these methods, MEMS-based and LC-based oscillators have been
commercialized and currently achieve performance levels that can compete with
crystal oscillators. In this chapter, an overview of these methods of silicon-based
frequency generation will be described. State-of-the-art references will be studied
in regard to their system-level architecture, their achieved level of accuracy, as well
as an overview of their potential applications.

Since this book is about CMOS compatible frequency references, crystal
oscillators will not be further discussed. Furthermore, MEMS-based oscillators,
which are not truly standard CMOS compatible, will be briefly introduced in
the next section. The chapter progresses with a more detailed overview of
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CMOS-based LC, RC, relaxation, and ring oscillators. Furthermore, a new class of
ultra-low-power frequency references based on the electron mobility of MOS
transistors will be introduced. Finally, a comparison between these methods will
be provided.

2.2 Silicon MEMS Based Oscillators

Quartz crystal resonators are excited at their resonance frequency by an electrical
oscillator circuit. Their operation depends on the piezoelectric properties of a
material that cannot be integrated in IC technology: quartz. Over the years, a lot
of research has been done on the development of silicon MEMS (Micro Electro
Mechanical Systems) based resonators with the aim of replacing quartz crystals.
MEMS technology involves many of the processes used by the integrated circuit
technology such as lithography, deposition, etching, etc. [10]. This technology has
been applied in sensors such as accelerometers, gyroscopes, microphones, etc.

MEMS resonators are micro-machined structures that can vibrate at their reso-
nance frequency if an external excitation is applied to them. The resonance property
of such structures was first researched in 1967, when a resonant gate transistor was
presented as a micro-machined integrated frequency reference [11]. This excitation
can be of the electrostatic, piezoelectric or electromagnetic type [12, 13]. The
Quality factor of a resonator determines the stability of the frequency reference
that is built around it. It is the ratio of its peak resonance frequency to the width of
the peak. A MEMS resonator’s shape and geometry determines this factor, which is
typically between 50,000 and 300,000, a range that is comparable to quartz crystal
oscillators [12, 13].

MEMS resonators have faced many challenges in delivering a cost-effective and
reliable solution that could compete commercially with quartz crystals. The major
challenges included packaging, vibration and shock sensitivity, temperature drift
and long term stability [14]. In recent years various commercial products have been
introduced by two start-up companies: Discera and SiTime. Discera was established
in 2001 based on research on MEMS resonators funded by DARPA, while SiTime
started in 2004 based on IP licensed through Bosch [3]. Today, MEMS-based
frequency references produced by these companies are more compact than their
quartz competitors and are more cost effective due to the mass production allowed
by the use of IC technology. However, their level of jitter (phase noise) is not (yet)
low enough for cell-phone applications.

Because of the special processing required by MEMS technology, a MEMS
resonator has to be manufactured on a separate die from the die that holds the
electronic circuitry exciting and controlling it [12—14]. Furthermore, the mass of a
MEMS resonator is small, being on the order of 1041071 kg, which means that
its resonance frequency and quality factor will be affected by any gas molecules
surrounding it [15]. This means that silicon MEMS resonators should preferably be
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Fig. 2.1 Simplified block-diagram of a silicon MEMS based oscillator

operated in vacuum, which is the reason why they have been fabricated within
silicon cavities [12—14].

Another challenge in making MEMS-based oscillators is the temperature depen-
dence of MEMS resonators. This is due to the temperature coefficient of the Young’s
modulus of silicon [3, 12, 13]. This is in the order of 20—40 ppm/°C, which is larger
than that of quartz and necessitates a means for the temperature compensation of
such oscillators. There have been various structural techniques proposed to reduce or
correct for the MEMS resonator’s temperature coefficient. These include the com-
bination of materials with positive and negative thermal stiffness coefficients or the
application of an electric field to control the resonator’s stiffness [16]. The approach
that has been ultimately used in commercial products is to correct the temperature
dependence of the oscillator through a fractional frequency synthesizer and a
temperature sensor [17]. This technique will be described later.

An encapsulated silicon MEMS resonator needs to be attached to an anchor on a
substrate [14]. Figure 2.1, shows a conceptual and simplified drawing of a MEMS
resonator [18]. Folded suspending beams are anchored to the silicon substrate at
two anchor points. The suspending beams are connected to the sides of comb
transducer structures. The resonator structure is biased with a DC bias source.
The output transducer experiences a change in capacitance due to the movement
of the suspending beam with reference to the fixed electrodes. This causes an
electrical signal, i,,, which is fed to an electronic circuit that produces an excitation
signal v,, which is then applied to the input transducer. This signal will electro-
statically actuate the resonator. The structure vibrates at its resonance frequency
(typically in the hundreds of kHz to MHz range), which is the same frequency at
which it is excited electrically. The required electrical signal is in fact the output
signal of the oscillator.

The MEMS frequency references produced by SiTime consist of a resonator
element, which is wire bonded to a CMOS die that includes a sustaining circuitry,
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Fig. 2.2 Simplified block-diagram of a silicon MEMS oscillator, including a MEMS resonator,
a fractional-N synthesizer and a temperature compensation scheme

a high-resolution fractional-N frequency synthesizer [19], a temperature sensor and
digital circuitry [12-14, 17]. A simplified block diagram of this system [17] is
shown in Fig. 2.2. The MEMS resonator vibrates at 5 MHz, which is the same
frequency as that of the sustaining circuitry. This 5 MHz signal is provided to the
fractional-N synthesizer, which outputs a higher frequency: in the range of
750-900 MHz [17]. This frequency can be adjusted with sub-ppm resolution over
a 10% tuning range. A programmable output frequency can then be produced by
dividing the output of the synthesizer. The advantage of this approach is that the
same MEMS resonator can be used to provide different output frequencies. This
means that the output frequency can be easily programmed into the device
depending on the application.

The temperature dependence of the MEMS resonator is compensated by mea-
suring the temperature of the CMOS die with an embedded temperature sensor. The
temperature information is digitally processed through a compensation polynomial
whose coefficients are stored in a non-volatile memory. The frequency reference
achieves a part to part frequency stability of about 10 ppm from —40°C to 85°C
[17]. In this approach, the jitter performance of the output frequency is determined
by the frequency synthesizer (that is in principle a PLL). For better jitter perfor-
mance, low noise and high quality factor oscillators such as LC based resonance
circuits have been combined with optimized PLLs as well as power supply regula-
tion techniques [13, 17].

One of the concerns regarding MEMS oscillators has been about their reliability
in comparison to the mature quartz crystal rival. Since a MEMS resonator is a
mechanical device that vibrates at millions of cycles per second, aging is one of
these reliability concerns. Reliability tests published by Discera, show sub-ppm
shifts in the first year of operation of such devices [20]. Furthermore, due to their
very small dimensions (micro-meter range) and very small weight, MEMS
resonators have better shock resistance than quartz crystals [20]. Further reliability
tests such as vibration resistance, sensitivity to packaging vacuum, thermal cycling
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and high temperature storage life have been reported in [20], showing that MEMS
frequency references can compete with crystal oscillators.

Most commercial MEMS frequency references are manufactured by SiTime
[21] and Discera [22]. SiTime’s high performance oscillators include the
SiT8208, SiT8102 and SiT9102 in standard six-pin packages (5.0 x 3.2 mm?),
which are smaller than those currently used for quartz crystals [13]. SiTime also
introduced very thin SiT8003 oscillators with 0.25 mm thick packages, mainly
intended for SIM card, camera, and cell phone applications. SiTime’s range of
products cover output frequency stabilities from sub-ppm to 50 ppm over the
commercial and industrial temperature range (—40°C to 85°C). The high perfor-
mance SiT8208 and SiT8209 products have sub-ps output jitter [23].

Discera’s MEMS frequency references use the same technique of combining a
MEMS resonator with a PLL [22]. Their range of stability is about 50 ppm, at
supply voltages of 1.8-3.3 V, output frequencies of 1-150 MHz and supply currents
in the order of 3 mA. They are available in standard packages that can be placed in
crystal oscillator footprints. Their intended applications are in: mobile applications,
consumer electronics, portable electronics, CCD clocks for cameras, etc.

So far, the commercially introduced MEMS frequency references show that sub-
ppm frequency stabilities and programmable output frequencies are feasible.
Furthermore, their small footprints make it possible to replace standard crystals
with MEMS-based devices. However, they still have a few drawbacks. Their jitter
performance is determined by their fractional-N synthesizer and by the temperature
compensation scheme. Also, the special processing required for the MEMS resona-
tor makes single die integration of these devices difficult. This means that the
integration of such frequency references as an IP block in a system-on-chip will
usually result in a two-chip solution.

2.3 LC Oscillators

Another class of commercially available frequency references are the LC oscillators
[24]. Such oscillators operate at the resonance frequency of an LC tank [25] and
have been widely used in VCO’s that produce RF range of frequencies [26]. These
VCO'’s have been normally embedded into phase-locked loops (PLLs), with the aim
of frequency synthesis from an external reference source. In order to function as a
self-referenced frequency source, an LC oscillator needs to be free-running. In this
case, special attention needs to be paid to its output frequency stability as a function
of process, temperature and voltage variations. An LC oscillator is based on passive
elements such as inductors and capacitors as well as active elements, i.e. transistors.
Therefore, such an oscillator can be made in a standard CMOS process.

The first steps towards commercializing self-referenced LC oscillators were
taken at Mobius Microsystems, a fab-less company founded in 2004 with the aim
of developing all-silicon frequency sources that replace quartz crystal oscillators.
The goal of Mobius Microsystems was to produce a monolithic free running RF LC
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oscillator that did not require the frequency synthesizers used in MEMS frequency
references. This was to avoid the effect of multiplication on the output frequency
jitter. These efforts resulted in oscillators with output frequency ranges from 12 to
25 MHz and with initial target applications such as wire-line data communication,
e.g. USB [27-32]. These solutions achieved output frequency stabilities in the order
of 100 ppm with period jitters in the order of 3—6 ps (rms). In 2010, Mobius
Microsystems was acquired by IDT, who has subsequently introduced LC oscillator
based frequency references to the market [24].

A simplified block diagram of an LC oscillator is shown in Fig. 2.3. It includes
an LC tank with inductor and capacitor values of L and C, respectively, each with
their equivalent finite losses, Ry and Rc [31]. It also has a sustaining transconductor
amplifier g, (cross-coupled pairs) that compensates for the loss in the tank. The
oscillation frequency is then [31]:

1 [L-C-R:
= —J—L 22
“TIc\L-c R @2

An LC oscillator based on the resonant tank shown in Fig. 2.3, not only suffers
from frequency deviation due to the losses, but also due to variations in the absolute
values of the passive elements due to process and temperature. The absolute values
of integrated inductances have negligible temperature coefficient [31, 33], however,
the temperature dependence of their equivalent loss resistance, Ry, is determined by
the material from which the inductor is made. Since Ry is usually larger than R, the
former’s temperature dependence will be dominant. Furthermore, the capacitance
will be affected by the fringing capacitors due to interconnect and parasitic
capacitances of the transconductor g,,,. The latter capacitance then has considerable
temperature and bias dependence [31]. In principle, the temperature dependence of
the output frequency of an LC oscillator shows a concave negative temperature
coefficient, whose sensitivity increases at high temperatures [31].

The output frequency of an LC oscillator can also be affected if conducting
materials are in its vicinity, since the field lines of the inductor will be affected by
changes in the permeability or due to eddy currents [31, 32]. To overcome this
problem, the solution proposed by IDT [32] is to build a Faraday shield around the
die in order to maintain the fringing field lines and avoid disturbances. This is done
by depositing a thick dielectric layer on the die of the LC oscillator chip, and
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Fig. 2.4 Simplified circuit diagram of an LC oscillator and the trimming and temperature
compensation networks

electroplating several microns of Cupper on top of that. The back side of the device
is also shielded by means of an Aluminum layer [32].

A simplified circuit block diagram of the LC based oscillator used in the core of
the frequency reference initially proposed by Mobius Microsystems and later
turned into a product by IDT is shown in Fig. 2.4 [32]. In the initial publication
[28] the resonance frequency was 1 GHz, which was later increased to 3 GHz [32]
to increase the quality factor of the inductor. The LC oscillator consists of a cross-
coupled negative transconductance amplifier with PMOS biasing transistors for low
1/f noise operation. An array of thin film programmable capacitors Crr[X:0]
connected through the corresponding switches TR[X:0] are used to trim the output
frequency. A set of thin film capacitors Crc[Y:0] and series resistors Rtc[Y:0] can
be connected through switches TC[Y:0], which are used to introduce a loss to
the capacitive network. The type of RC network is chosen such that its temperature
dependence works against that of the inductor’s loss resistance to minimize the
nonlinearity in the temperature coefficient of the oscillator [32]. The frequency
reference includes a low drop-out regulator (LDO) to reduce the effect of power
supply fluctuations, as well as a programmable divider allowing for programmable
output frequency.

The LC oscillator introduced in [25] (0.35 pm CMOS) had an output frequency
of 12 MHz and a supply current of 9.5 mA. It achieved a stability of about 400 ppm
from —10°C to 85°C and a period jitter of <10 ps (rms). The work in [28] (0.25 pm
CMOS) achieved a frequency stability of 90 ppm (shown for one device) from 0°C
to 70°C. This work used an active temperature compensation scheme and dissipated
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about 15 mA. Its output jitter was <7 ps (rms). A major modification to these
devices, towards reduction of their power consumption, was the change in their
temperature compensation schemes. This initially included an active temperature
compensation block including a PTAT generator and varactors in the LC tank,
which were attached to a temperature dependent control voltage [29-31]. Later, this
was changed to the passive temperature compensation scheme described in Fig. 2.4
[32]. As a result the supply current was reduced from 15 mA in [28] to less than
2 mA in [24, 32]. The frequency stability of these oscillators was about 300 ppm
from 0°C to 70°C with a period jitter of 3.5 ps (rms). The recent product published
by IDT [34] combines the previous active and passive temperature compensation
schemes, adds an improved Faraday shield to solve the problem of interfering fields
with the oscillator’s resonance, and a two-point temperature trim to achieve a
stability of <50 ppm from —20°C to 70°C and a sub-ps jitter level. Apart from
the products introduced by IDT, the Si500 LC oscillators have been introduced by
Silicon Labs [35]. These are capable of producing frequencies programmable from
0.9 to 200 MHz and are realized in a 0.13 pm CMOS. They draw 8§ mA froma 1.8 V
supply and are operational from 0°C to 70°C with stabilities in the order of
150 ppm.

Considering the number of temperature and process dependent variables in LC
oscillators and the probable lack of correlation between these parameters, a single-
point temperature trim is not sufficient for these devices. However, multiple point
trims add to the production costs. Furthermore, LC oscillators have rather narrow
temperature ranges, in the order of —20°C to 70°C, limiting their application
operating over wide temperature ranges.

2.4 RC Harmonic Oscillators

The next class of oscillator reviewed here is the RC harmonic oscillator. This type
of oscillator uses resistors and capacitors to form an RC network, which functions
as a frequency selection circuit, and which can be combined with an amplifier to
realize a linear oscillator with a sinusoidal output signal [36]. The output frequency
of RC oscillators will be affected by variations in the absolute value of on-chip
resistors and capacitors as well as their temperature dependence [37-39]. These
variations can be in the order of tens of percent. By means of trimming and
temperature compensation the stability of RC oscillators reaches about 1% [40].
Despite their lower accuracy, compared to the LC oscillators, RC oscillators are
suitable for low frequency (hundreds of kHz to a few MHz) as well as low power
(tens of micro-Watts) applications [40—43].

A well known type of harmonic RC oscillator is the Wien-bridge oscillator. This
is based on an electrical network proposed by Max Wien in 1891 [40, 44]. As shown
in Fig. 2.5, it includes two resistors and capacitors. The complete oscillator can be
seen as a positive feedback amplifier with a band-pass network in its feedback path.
In 1939, William Hewlett, a co-founder of Hewlett-Packard Company (HP),
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Fig. 2.5 Simplified circuit
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designed a Wien-bridge oscillator while an MSc student at Stanford University.
This later led to HP200A, one of the first products of HP [45, 46], which was a low
distortion oscillator for audio applications.

A remarkable point regarding the HP200A was its use of an incandescent bulb as
a positive temperature coefficient thermistor in the oscillator’s feedback path
(Rgg2). This was for amplitude regulation. Without this, the output signal of the
oscillator increases until it clips at the supply rails, thus creating harmonic distor-
tion. The use of the bulb in the feedback path means that amplitude growth causes
current increase, which heats the bulb, increasing its resistance and causing the
current to decrease.

The Wien-bridge harmonic RC oscillator shown in Fig. 2.5 oscillates when the
amplifier has a gain of 3 [40]. This gain is set by means of the resistive feedback
network around the amplifier. At a gain of 3, the circuit will oscillate at:

1
fosc' = A o~ (2.3)

27RC’

with R and C being the values of the elements in the passive feedback network. The
network has a quality factor O = 1/3 [40]. To first order, the process and tempera-
ture stability of this frequency are determined only by that of the passive R and C
elements. In the implementation reported in [40], metal-insulator-metal (MiM)
types of capacitors have been used, whose temperature dependence is reported to
be negligible. In addition, positive temperature coefficient N-poly resistors were
combined with negative temperature coefficient P-poly resistors, leading to a
residual temperature coefficient of 36 ppm/°C. The remaining source of spread is
the variation in the absolute values of these elements, which can be up to 10%,
requiring a process trim to be applied to the oscillator.

Other non-idealities contributing to the inaccuracy of the output frequency are
related to the finite gain, output impedance and the phase shift introduced by
the amplifier. In order to mitigate their effects, the fully differential and modified
Wien-bridge oscillator circuit shown in Fig. 2.6 has been proposed [40, 41]. Tran-
sistor T, forms the amplifier, which is degenerated by R, and cascoded by gain-
boosted cascode transistors 7, and T3 (gain-boosters not shown), and biased
with extra current-bleeding sources I,. Resistor degeneration has been used to
guarantee that the amplifier’s gain of 3 is defined by the ratio R/R ... To enhance
the degeneration by maximizing the transconductance of T; and without sacrificing
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Fig. 2.6 More detailed circuit diagram of a Wien-bridge RC oscillator

output impedance, current bleeding has been applied. The gain-boosted cascode
transistors further increase the output impedance such that it does not interfere with
the Wien-bridge network’s transfer function. To minimize excess phase shift, the
cascode transistors are minimum size devices.

The harmonic Wien-bridge RC oscillator of [40] was implemented in a 65 nm
CMOS process and dissipates 55 pA from a 1.2 V supply. With R = 50kQ, and
C = 530fF, it oscillates at about 6 MHz. Its measured absolute accuracy (for six
devices characterized from 0°C to 120°C) is reported to be 0.9%, with a
temperature coefficient of about 86 ppm/°C.

Another Wien-bridge oscillator based on [40] was proposed in [43], where the
RC oscillator circuit is combined with a low drop out voltage regulator in order to
achieve a supply dependency of 104 ppm/V. The proposed circuit oscillates at
24 MHz and was implemented in 0.13 pm CMOS. It operates from a supply voltage
range of 0.4—1.4 V and dissipates 37 pA. No measurement results were reported on
its performance over temperature.

2.5 RC Relaxation Oscillators

Another type of RC-based oscillator is the relaxation oscillator. This produces a
digital (square-wave) output signal [47]. Its output frequency can range from
hundreds of kHz to a few tens of MHz. In this case, the period of oscillation is
proportional to a time constant, determined by a reference voltage, a bias current /..
and a capacitor C (see Fig. 2.7). Since the bias current typically involves a
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resistance (e.g. by forcing a band-gap reference voltage across a resistor), they are
also recognized as RC oscillators.

CMOS compatibility and very low power operation are some of the major
advantages of relaxation oscillators. These characteristics make them suitable for
battery powered applications such as the wake-up timers in implantable biomedical
systems [48—50]. However, one of their main drawbacks is the dependence of their
output frequency on process and temperature variations [48, 49]. This is mainly
limited to about 20% by the tolerance and temperature dependence of conventional
on-chip resistors and capacitors. By means of temperature compensation and
trimming, stabilities of 2% have been achieved [49, 50], sufficient for the previ-
ously mentioned applications.

One possible realizations of a relaxation oscillator is shown in Fig. 2.7. This
circuit includes a current and a voltage reference, two capacitors and comparators
as well as a set-reset (SR) latch. Its operation involves charging capacitors C; and
C, to Vpp and then discharging them to V., by means of /,.; (see the waveforms in
Fig. 2.7). The Schmitt trigger comparators compare the capacitor voltages with V..,
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and change the state of the SR latch, which, in turn, changes the charge and
discharge order of the capacitors [50]. The oscillation frequency is determined by:

C
l/ﬁmc = Tose = m [2 . (VDD - Vref)] . (2.4)

The flicker (1/f) noise of the current reference /..., as well as the input referred
noise of the comparators both contribute to the output jitter. Furthermore, the input
referred offset and the process and temperature dependent delay of the comparators
will influence the oscillator’s accuracy. Various solutions to these issues have been
addressed in [50-53].

The designs described in [48, 49] are based on the circuit shown in Fig. 2.7. The
reference current and voltage are based on a band-gap reference generator and an
8-bit digital trim can be applied to the oscillator. Without trimming, the reported
accuracy of the 12 MHz output frequency is about £25%, which after trimming
(single point) remains stable to +5% over supply variations and a temperature
range of —40°C to 125°C. A 0.5 pm CMOS realization reported in [48] dissipates
about 3 pW and its output jitter is in the order of 0.1%. The realization in [49]
improves on [48] by reducing the inaccuracy to +2.5% under the same conditions,
which is achieved by correcting for the residual temperature coefficient of the
oscillator after the trimming.

The relaxation oscillator presented in [50] is intended for low power biomedical
applications. The oscillator is implemented in a 0.13 pm CMOS process, and
produces an output frequency of 3.2 MHz. It dissipates 38.4 pW from a 1.5 V
supply. The oscillator is also based on the topology shown in Fig. 2.7, with the
application of an auto-zeroing mechanism [51] to the oscillator’s comparators. This
reduces their offset and flicker noise, which improves the oscillator’s accuracy and
reduces its output jitter, respectively. An 8-bit digital trim of the reference current
of the oscillator has a resolution of 0.3%. The reported variation in the output
frequency over a temperature range of 20-60°C is £0.25%. The oscillator’s cycle-
to-cycle jitter is 524 ps (rms) without the application of auto-zeroing, which drops
to 455 ps (rms) when the comparators are auto-zeroed.

A voltage-controlled-oscillator (VCO) based on a relaxation oscillator is
presented in [52], with the aim of achieving improved control linearity and jitter
performance. An alternative Schmitt trigger circuit is introduced as the oscillator’s
comparator. The oscillator dissipates 360 pA and has a jitter of 65 ppm (rms) at an
oscillation frequency of 1.5 MHz. Its control linearity is affected by the comparator
delay, which needs to be minimized compared to the period of oscillation. This
could be solved by increasing the comparator bandwidth at the cost of increased
noise and jitter [52]. However, in [52] the direction of the capacitor’s charging
current is changed gradually rather than instantaneously. The accuracy of this
oscillator is not reported in [52].

The 12.5 MHz relaxation oscillator described in [53] is implemented in a 65 nm
CMOS process and has a current consumption of 70 pA with a 1.2 V supply. This
work focuses on the reduction of comparator noise to reduce the total oscillator’s
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phase noise and jitter. Subtraction of charge by a switched capacitor circuitry filters
the comparator noise, which then allows its power consumption to be significantly
reduced. The measured phase noise of this oscillator is —82dBm at an offset
frequency of 100 kHz. There is no characterization of the temperature stability of
this oscillator reported in the corresponding publication.

As described earlier, one of the variables contributing to the output frequency
variation of a relaxation oscillator is the delay of its comparator. This is the time it
takes the comparator to change the state of the latch after the capacitor voltage
reaches V. (see Fig. 2.7). This delay forms part of the oscillation period, and
increases its spread as a function of PVT. This delay can be minimized in compari-
son to the oscillation period, but at the cost of excess power consumption. The work
in [54] proposes a voltage-averaging feedback loop that makes the oscillation
period insensitive to the comparator delay.

The voltage-averaging feedback topology [54] is shown in Fig. 2.8. The core of
the oscillator can be seen as a relaxation oscillator with two comparators and a
control voltage V-, which is tuned by the voltage averaging feedback circuitry. The
two internal voltages V., and V., (see Fig. 2.9) are alternately applied to
the active filter in the voltage averaging feedback circuitry. The active filter
made of resistor R;, capacitor C; and an opamp ensures that at all conditions the
DC value of V, is equal to V,.. This means that these two voltages are virtually
shorted in a low-frequency bandwidth determined by R;-C; (about 160 kHz with
R, = IMQ and C; = 1 pF). Assuming an ideal opamp in the feedback circuit and
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Fig. 2.9 Waveforms of the voltage-averaging relaxation oscillator

considering that the main oscillator capacitor C is being charged to V,, through a
resistor R (R; > > R) the waveforms shown in Fig. 2.9 can be modeled as:

Viser 2(f) = Vdd(l — e*l/RC’). (2.5)

Due to the voltage averaging feedback, the DC value of V., > needs to be equal
to V,rin half of an oscillation period (T):

T

1

T ‘[Voscl,Z(t)dl = Vr()f~ (26)
0

As shown by Fig. 2.8, the reference voltage V.., is made by a resistive divider
from V4, with a division factor « = V,.4/V4,. Therefore, (2.6) results in [54]:

(1-aT _ —~T/RC
RC 1—e . 2.7)
Which means that the oscillation period is ideally only defined by R, C and a.

Therefore, variations in comparator delay will have no effect on the oscillation

period, because the voltage averaging feedback loop controls V- to keep the

frequency constant. Furthermore, (2.7) shows that the dependence of oscillation
period on supply voltage is cancelled. Finally, the low-pass nature of the voltage
averaging network (active integrator in the feedback) means that the low frequency

(flicker) noise referred to the input of the oscillator will be high-pass filtered, which

results in a reduction of the output jitter [54]. The 0.18 pm standard CMOS

oscillator presented in [54] dissipates 25 pA from a 1.8 V supply. The reported
accuracy of the oscillator’s 14 MHz output frequency is +0.19% (result of a single
device) from —40°C to 125°C, while its cycle-to-cycle jitter is 30 ps (rms).
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2.6 Ring Oscillators

Ring oscillators are widely used as voltage-controlled oscillators in jitter sensitive
applications such as phase-locked loops and clock recovery circuits. This is due to
the high frequencies that they can achieve and their relatively simple integration
[55]. Ring oscillators are widely realized in CMOS process as a ring of cascaded
inverter stages [56]. The number of inverters needs to be odd and the output of the
last stage has to be fed back to the input of the first stage (see Fig. 2.10). For an odd
number of stages, the output of the last stage is the inverse of the input of the first
stage. Propagation delay of the cascaded stages delays the output of the last stage
compared to the input of the first stage. This results in the oscillation to propagate in
the ring. A half period of oscillation will be equal to the number of inverter stages
times the delay of each stage.

The inverter stages could also be made by means of analog delay stages such as
the ones published in [57, 58] and shown in Fig. 2.11. This fully differential delay
stage is made of a differential pair and a symmetrical load. The time delay
introduced by this stage is approximated by [59]:

Co(Vy =V,
zdz‘J(?—fL). (2.8)

Where Cy is the total capacitance at the output of the stage, /,.ris the bias current of
the circuit and Vy—V, is the output voltage swing, determined by V... and Vg

A, L
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Fig. 2.11 Differential delay cell and a three stage oscillator
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[57]. The ring oscillator proposed in [57] is made of a cascade of three delay stages
(see Fig. 2.11). To vary the time delay ¢, and thus the output frequency, the control
voltage Vg, can be modified.

The delays of the stages of a ring oscillator vary as a function of PVT. Supply
voltage variations affect the voltage domain parameters in (2.8), while the temper-
ature dependence of MOS transistors and passive components affects the reference
currents and voltages. In order to reduce these effects, two main approaches can be
found in literature. The first approach takes free running and open-loop ring
oscillators and compensates the PVT effects within the circuit. The second
approach embeds a voltage/current controlled ring oscillator in a feedback loop.
As a result of feedback, the output frequency of the ring oscillator is locked to the
time constant produced by a temperature compensated resistor and capacitor
network. These two approaches will be discussed in the following sub-sections.

2.6.1 Open-Loop Compensation

The work presented in [57] describes how PVT compensation techniques can be
applied to a free running, open-loop ring oscillator. An earlier oscillator, presented
in [58], had a nominal frequency of 680 kHz and was implemented in a 0.6 pm
CMOS process with inaccuracy of £6.8% from 35°C to 115°C. Later, an
improved implementation in a 0.25 pm CMOS process was presented in [57]
with an output frequency of 7 MHz. The improved oscillator had an untrimmed
inaccuracy of £2.6% over process, supply and a temperature range of —40°C to
125°C. The reported accuracy is based on the data collected from 94 samples from
two different batches. A block diagram of the complete system, including the
process and temperature compensation as well as the supply regulation around
the core oscillator, is shown in Fig. 2.12.

A band-gap voltage reference regulates the variable supply (2.4-3 V) to a supply
and temperature stable 2.2 V reference voltage V. This voltage is then used by
other blocks in the system. The reference frequency is produced by the differential
three stage ring oscillator at the core of the system, whose frequency is stabilized by
a reference current I, (see Fig. 2.11). This current is derived from the control
voltage Vergr, which is generated by the temperature and process compensation
circuitry. The analog output of the ring oscillator is translated by a rail-to-rail swing
comparator to digital voltage levels.

The control voltage Vg, is varied to correct for temperature and process
variations. The critical temperature dependent parameters are the mobility, up v,
and the threshold voltage, Vp n, of the MOS transistors [60]. The mobility has an
approximate T ~'° ~ T ~>? temperature dependence, where T is the absolute
temperature. The threshold voltage however has a negative temperature coefficient.
Furthermore, the junction capacitances of a MOS device as well as the oxide
capacitance have temperature dependences [57, 60]. Process variations affect gate
oxide thickness and doping concentrations, leading to threshold voltage and
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Fig. 2.12 System block diagram of the temperature and process compensated ring oscillator

mobility variations. In [57] a bipolar transistor’s base—emitter voltage Vg, which
has a negative temperature coefficient [61], was used to correct for the overall
negative temperature coefficient of the ring oscillator. Furthermore, a threshold
voltage detection circuit detects the process corner and modifies the reference
voltage of the oscillator accordingly.

2.6.2 Closed-Loop Compensation

A ring oscillator with temperature compensation feedback loop is described in [62].
The oscillator has an output frequency of 10 MHz, dissipates 80 pW, and has a
temperature dependence of 67 ppm/°C. This supply regulated oscillator, has been
implemented in a 0.18 pm CMOS process. Its frequency stability is +0.4% from
—20°C to 120°C (data reported for a single device). There is no data available on
the jitter performance of this oscillator.

A block diagram of the closed loop oscillator of [62] is shown in Fig. 2.13. The
core ring oscillator has four differential stages and its supply, Vg, is regulated by
a feedback loop. This locks the output frequency of the ring oscillator to a PVT
insensitive voltage V.. To close the feedback loop, a frequency-to-voltage con-
verter (shown in Fig. 2.13) is used, which also realizes a linear temperature
compensation scheme. To further investigate the operation of the loop, the timing
diagram shown in Fig. 2.14 needs to be considered together with the block diagram
of Fig. 2.13.

A voltage regulator based on a band gap reference produces a 1 V voltage Virs
from the variable Vpp (1.2 ~ 3 V). When the reset signal RST is high, the charge on
capacitor Cy is set such that V., = Vggg. After the reset phase, the frequency
conversion phase begins with signal Q = 0, discharging Cy by current /... The
signal Q is then produced through a frequency divider by dividing the oscillator
output frequency by two (see Fig. 2.13). The discharge of C continues until signal
Q changes state again. This always happens at the end of the oscillation period.
At the rising edge of Q, and for any given value of /.. and Cy, the voltage across
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Fig. 2.13 Ring oscillator with a frequency-to-voltage converter and feedback loop

Fig. 2.14 Timing diagram of the ring oscillator in a feedback loop

Co, Veap» Will be a function of the oscillation period. During the time SW = 1 (both
SW and RST are generated by a digital control block that is not shown in the figure),
Vap 1s compared to a reference voltage V,..rthrough a switched capacitor loop filter.
This works based on charge transfer from C, to C;, which leads to a change in
Verre- Due to feedback around the integrator, the voltage V., will be forced to be
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Fig. 2.15 Block diagram of the ring oscillator with frequency to current converter

equal to V.. Since V., is a representative of the oscillation period, for a constant
Ve having V., = V.4 is equivalent to having a constant output frequency. At
steady-state, the output frequency, f-;k, can be derived from [62]:

I ref

_— 29
2Co(VreG — Vier) @3

fCLK =

To ensure a stable output frequency, the values of Vigg, V;.p and I,.rneed to be
insensitive to PVT. The first two are made by means of a band-gap voltage
reference and a sub-threshold voltage divider, respectively [62].

Another ring oscillator embedded in a control feedback loop is presented in [63].
This is an implementation in a 0.35 pm CMOS with a tunable output frequency from
2 to 100 MHz. The oscillator dissipates 180 pW at 30 MHz and has a process
sensitivity of 2.7% and a temperature coefficient of 90 ppm/°C. A simplified block
diagram of this oscillator is shown in Fig. 2.15. The circuit includes a bias current
generator circuit, a current comparator, a ring oscillator based VCO and a frequency-
to-current converter arranged in a frequency-locked loop. The current comparator
block produces the output voltage V7 driving the VCO based on the difference
between I3;45 and Ioy . Feedback forces these two currents to be equal.

The complete circuit diagram of the oscillator is shown in Fig. 2.16. It consists of
a bias current generator that produces a bias current /45 from the series combina-
tion of positive and negative temperature coefficient resistors. This is done by
copying the bias voltage V45 through a feedback amplifier to the resistors. Further-
more, the circuit includes a current comparator made of a simple common-source
stage comparing Ig;xs and Ioyr (the output current of the frequency-to-current
converter). The output of this stage is the control voltage V7. The core ring
oscillator is made of seven current-starved inverter stages. Its oscillation frequency,
four, is determined by the applied current [, to the inverters [63]:

I

—_— 2.10
2mCLVDD ( )

fOUT X
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Fig. 2.16 Circuit diagram of ring oscillator with frequency-to-current converter in a feedback
loop

Where m is the number of inverters and C is each inverter’s load capacitance. The
variations in control voltage V7 determine the current I, and thus the oscillation
frequency.

The frequency to current converter is made of a switched capacitor resistance
made of capacitor Cg ad two switches swy , that are driven by the output of the
oscillator. This means that the switched capacitor resistance is proportional to
the oscillation frequency, and therefore, by copying the Vg5 voltage onto this
resistor, a frequency dependent output current /oy will be produced [63]:

Tour = four - Cs - Vaias. (2.11)

A current mirror copies this current to the current comparator. At the steady state
of the frequency-locked loop, the oscillation frequency will be given by:

1
four = 0 (2.12)

Rp+Ry)-Cs’

Where Rp and Ry are the positive and negative temperature coefficient resistors
used to produce the /45 current from Vg 4. To first order, the residual temperature
coefficient of the composite resistor as well as that of the capacitor Cy determines
the temperature coefficient of the oscillator.

For the closed-loop ring oscillators discussed so far, the oscillator’s frequency is
locked to a time constant defined by an RC circuit. These circuits provide a
continuous correction of the frequency in response to supply voltage and tempera-
ture variations. Their achieved level of PVT variation is determined by that of the
RC circuit.
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2.7 Mobility-Based Frequency References

Recently, a class of low-power temperature-compensated frequency references
based on the mobility of MOS transistors has been introduced [64—66]. Such
references dissipate micro watts of power and achieve inaccuracies in the order
of a few percent. The implementation described in [65] has been targeted for
wireless sensor networks. It has an output frequency of 150 kHz, dissipates
42.6 pA from a 1.2 V supply, and is fabricated in a 65 nm standard CMOS process.
For a temperature range of —55°C to 125°C, the reference achieves an output
frequency stability of £0.5% when trimmed at two temperature points. With a
single trim its inaccuracy is +2.7%. Another mobility based oscillator reported in
[66] has been implemented in a 0.35 pm CMOS, has an output frequency of
3.3 kHz, and consumes 11nW from a 1 V supply.

The temperature dependence of mobility is in the order of 77! [65], which
means that temperature compensation needs to be applied to a mobility based
frequency reference. The core of the reference proposed in [65] is a current-
controlled relaxation oscillator, which is controlled by a current that is proportional
to the electron mobility. The temperature compensation of the oscillator is
performed digitally (see Fig. 2.17). A band-gap temperature sensor [67] measures
the temperature of the die. Through a non-linear digital mapping, the sensor’s
digital output is translated into a temperature-dependent division factor N,
which is then applied to a divider. This divides the oscillator’s output frequency
by N, in order to produce a stable output frequency f,;..

A simplified circuit schematic of the mobility-based oscillator as well as its timing
diagram is shown in Fig. 2.18. The voltage difference between the gates of M; and M3
is kept equal to Vx by the combination of the current source /), Ry and OA; [65].
Using the square-law MOS model, the drain current of M, is determined by:
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Fig. 2.18 Circuit and timing diagrams of the mobility based frequency reference

where m = (W/L)3/(W/L); and n = (W/L)4/(W/L),, u,, is the electron mobility, C,x
is the oxide capacitance of the MOS transistor per unit area. The current source /) is
implemented by mirroring the current flowing in a resistor matched to R, whose
voltage drop is equal to the reference voltage Vi (not shown in the schematic).

The drain current of M; is mirrored by M, and Mg with a gain of four and
used to alternatively discharge C, and Cg after they have been pre-chargedto V, ;. A
comparator changes the state of charge and discharge of capacitors when the
voltage on the discharging capacitor drops below V,,. The oscillation frequency
of this oscillator can be derived from [65]:

mCoc Wi Vi

fm_4c( 1—1)2 Ly Vi—Vy'

(2.14)

m

where C = CA = CB 0.8 Cox'
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A band-gap temperature sensor based on a bipolar core including NPN
transistors and a first order delta-sigma ADC produces a digital representation
of the die temperature [67]. The temperature sensor’s accuracy should not limit
the compensated oscillator’s output frequency stability. For a frequency error of
about 0.3%, the temperature sensor’s accuracy needs to be better than 0.5°C [65].
A division factor N, with 13-bits resolution has been chosen. A seventh order
polynomial with fixed coefficients is used to translate the output of the temperature
sensor to the division factor N;,.

Another relaxation oscillator locked to the mobility of MOS transistors has been
implemented in a 0.35 pm CMOS process and is reported in [66]. This oscillator has
an output frequency of 3.3 kHz and consumes 11nW from a 1 V supply. Its reported
temperature drift from —20°C to 80°C is 500 ppm/°C, which accounts for a total
temperature variation of about 5%. The key features in this topology are the
generation of an electron mobility based reference current and the production of
an oscillator reference voltage with the same temperature dependence as the
electron mobility, to temperature compensate the output frequency. Further
power reduction has been achieved by using a relaxation oscillator based on a
single comparator and reducing the power consumption of the digital circuitry by
means of a reduced supply voltage operation through a voltage regulator. The
reported process spread of this oscillator, measured at a single temperature point,
amounts to about +£15% [66].

2.8 Comparison

This chapter provided an overview of the various types of silicon-based frequency
references. These included MEMS-resonator-based oscillators, LC oscillators, RC
harmonic oscillators, RC relaxation oscillators, ring oscillators and finally electron-
mobility-based oscillators. Each approach has its own specific advantages and
disadvantages. To make a comparison, it is helpful to summarize the performance
characteristics for each type of frequency reference.

One of the difficulties in providing a complete and fair comparison between
published frequency references is that often insufficient data on their performance
over process and temperature has been provided. There are references in which the
performance of a single device has been reported as a measure of stability, which
does not allow a fair comparison with references for which more samples have been
characterized. From the previously described types of silicon-based frequency
references, a performance summary of those with the most complete results is
presented in Table 2.1.

MEMS-resonator-based oscillators and LC oscillators have been commer-
cialized, and thus their reported performance characteristics are at production
level. The characteristics of other topologies are obtained mainly from publications.
It can be seen that MEMS-based oscillators achieve the best accuracy over the
widest temperature range. Their form factor has also been shrunk and they
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are physically smaller than crystal oscillators. However, their major disadvantage is
their need for special MEMS processing. This requires a two-die solution, in which
the MEMS resonator is wire bonded to another CMOS chip. The power consump-
tion of MEMS oscillators is comparable to LC oscillators and is larger than the
other types.

Apart from the MEMS-based oscillators, all the other frequency references in
Table 2.1 are standard CMOS compatible, which is a great advantage as far as
manufacturing and packaging costs and complexity are considered. Among these,
LC oscillators achieve the best accuracy over process and temperature, as well as
the best jitter performance. However, their power consumption is higher than the
rest and their temperature range is the narrowest. MEMS-based and LC-based
oscillators are the only solutions that can achieve accuracies better than 0.1% at a
reasonable jitter level.

For less accurate applications with stability requirements above 1% and with
stringent power consumption requirements, RC, mobility-based, and relaxation
oscillators can be used. These oscillators have very low chip area and can operate
at the micro-Watt range. They are well suited for battery powered applications such
as wireless sensor networks or biomedical implants.

2.9 Conclusions

Most electronic devices require a frequency reference. The stability of this refer-
ence, i.e. its deviation as a function of PVT, is crucial for many applications.
For decades, crystal oscillators have been the dominant frequency control
components. So far, they have achieved the best stability and noise/jitter perfor-
mance; however, they have a few drawbacks. Their integration in the IC technology
is nearly impossible. Furthermore, they are sensitive to shock and vibration, which
can cause reliability problems.

In order to replace the crystal oscillators, there has been a tremendous R&D
effort over the past few years. The goal is to produce integrated frequency
references that can achieve the stability of crystal oscillators. This is justified by
the large market for frequency generation and control components. Furthermore, an
integrated, or in other words all-silicon, frequency reference brings added-value in
terms of reliability and reduced area and cost.

One of the successfully commercialized all-silicon frequency references is the
MEMS resonator based oscillator. This requires a two-die solution that combines
a MEMS resonator with a CMOS chip. MEMS oscillators already achieve levels of
stability below 1 ppm, which is comparable to that of crystal oscillators. Their
stability is not altered by shock and vibration and their form factor allows for their
placement in the same foot print as the crystal oscillators.

It will be still more advantageous if an all-silicon frequency reference could be
made that is standard CMOS compatible. This would allow for cheap and simple
production and packaging, as well as integration in systems-on-chip. So far, such
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references have been based on time constants produced by means of on-chip
passive elements such as resistors, capacitors and inductors.

Among such CMOS compatible oscillators, the LC type has so far become
commercial with stabilities in the order of a few tens of ppm’s. This is achieved
by means of trimming and temperature compensation. The RC type oscillators have
stabilities in the order of 1%; however, their power consumption is much lower than
that of LC oscillators, allowing for their use in battery powered applications.
Furthermore, temperature compensated oscillators locked to the electron mobility
of MOS transistors have been recently introduced achieving stabilities in the order
of 1%.

The all-silicon oscillators reviewed so far in this chapter are based on signals
which are produced, transferred and processed in the mechanical, electrical and
magnetic energy domains. This is mainly done through the use of electromechani-
cal structures or electrical passive components in combination with electronic
circuitry. The main focus of this book is on investigating the possibility of accurate
on-chip frequency generation through the generation and transfer of signals in
another physical energy domain: the thermal domain. The ultimate goal is to
make an accurate CMOS-compatible frequency reference. In the following
chapters, the design of an electrothermal frequency reference based on the thermal
properties of IC grade silicon will be investigated.
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