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ecent downtrends in the economy have forced
Rthe entire electronic industry, including man-

ufacturers of the frequency generating and
timing devices, to be more competitive under the
constraints of size, power consumption, and per-
formance. These frequency generating and timing
devices are used for a wide range of applications,
varying from keeping track of real time, setting clock
frequency for digital data transmission, frequency
up-and-down conversion in RF transceivers, or clock-
ing of logic circuits. In general, the specification of
these devices depends on the application it is being
used for. As a result, different frequency generating
and timing devices technologies exist today, each
technology suiting a specific need [1]-[16]. For indus-
trial applications, two technologies are distinguished:
mechanical and electrical oscillators [15]. In mechani-
cal oscillators, the frequency selective element is
a mechanical resonator like quartz, for high-end
applications (e.g., wireless communication, real-time
clocks, high-speed digital interfaces), or another type
of bulk piezoelectric material, such as barium titanate
or lead-zirconium titanate, for less demanding and
cost-sensitive applications (e.g., digital audio, video,
household appliances). In electrical oscillators, the
frequency-selective element is integrated on the chip
and comprises an R-C or a gm—C filter for low-end
applications (e.g., clocking of logic), or an inductor-
capacitor (LC) filter for more demanding applications
(e.g., in frequency synthesizers for wireless commu-
nication and digital interfaces). Although the electri-
cal performance of mechanical-oscillators cannot be
met by electrical oscillators, conventional mechani-
cal oscillators have some important drawbacks that
prevent their use in some applications. Conventional
mechanical resonators are relatively bulky, cannot be
integrated on a CMOS die, and are difficult to inte-
grate into the same package that contains the CMOS
die without increasing the manufacturing complex-
ity and cost. Therefore, mechanical resonators have
to interface with other circuit components on board
level and hence they form a bottleneck for the ulti-
mate miniaturization of the electronic system. In
contrast, the use of electrical oscillators is limited
to applications where accuracy and noise specifica-
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tion is relaxed. Their stability and phase noise can be
improved by locking them to mechanical oscillators
using a phase-locked loop (PLL) [16].

The growing production of watches, mobile phones,
Bluetooth and wireless LAN (WLAN) products, liquid
crystal displays (LCDs), PCs, and various automotive
systems continue to drive strong demand for nonsilicon
resonator [quartz, ceramic, and surface acoustic wave
(SAW)]-based oscillators and voltage-controlled oscil-
lators (VCOs). The nonsilicon resonator sector faces
threats from CMOS and silicon MEMS resonator types.
CMOS resonators are a breakthrough technology that
can replace ceramic- and SAW resonator-based fre-
quency-controlled circuits that operate at 500 MHz and
above in most electronic systems because they offer
significant advantages in total manufacturing capac-
ity, and lower cost.

CMOS Resonators are just beginning their learn-
ing curve, and are expected to follow Moore’s law on
future size and cost reduction capabilities. CMOS reso-
nators also offer a path towards IC integration, which
is not possible with non-CMOS products.

Another big player is silicon MEMS: the MEMS
resonator-based oscillators will target applications
where the size, degree of integration, and resistance
to electromagnetic interference are key factors. When
a quartz crystal is fabricated, it is designed to resonate
at a single frequency throughout its lifetime. Changing
the function of the quartz clock from one that operates a
cell phone to one that runs a high-definition television,
for example, requires fabricating an entirely different
batch of crystals operating at different frequencies. The
high levels of miniaturization achievable by MEMS
technology allows a cost-effective solution to having
high-Q resonators, operating at different frequencies.
The downside to this is MEMS are capital-intensive,
hampering the suppliers from using relatively new
technology, that gives the desired ultra low phase noise
performance and eliminates the reliability issues.

Cost dynamics play an important role, especially
for consumer frequency-generating devices. There
is noticeable marketing push for an entire silicon
MEMS resonator-based oscillator to displace the
quartz crystal technology and to open up the pros-
pect of clock source integration. MEMS oscillators
appear well suited to high-vibration environments,
to noncritically timed applications, and to applica-
tions where the signal-to-noise ratio are not critical.
MEMS devices, unlike ICs, contain moving fragile
parts that must be properly packaged and meet the
requirements such as protection against handling,
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shielding against electromagnetic fields, near-her-
metic cavity seal, low temperature process, good
heat-exchange, minimal thermal stress, and RF elec-
trical feed through before it becomes commercial
viable alternatives.

Dynamics of Time and Timing Devices

A continuous effort has been put into making electron-
ic devices to measure time and control the frequency
with ever increasing accuracy, smaller size, lower
power consumption, and lower cost.

for the application in modern electronic and communi-
cation systems. Resonators fall into the two categories:
discrete and integrated, and the next section will cover
each individually.

High Q-Factor Resonators
Discrete Resonators

A typical discrete version is a nonsilicon resonator,
such as quartz, ceramic, or SAW, that can be found

The accuracy of frequency-generating
devices for timing solutions depends
on such parameters like phase noise,
thermal drift, harmonics, tuning sen-
sitivity, stability, and ageing.

Crystals, SAW, ceramic resonator
oscillators, RC oscillators, and silicon
resonator oscillators are five main
types of clock sources for use with a
microcontroller. The optimal clock
source for an application depends on
many factors including cost, accu-
racy, and environmental parameters.
From simple RC oscillators accu-
rate to about 30,000 ppm, to atomic
clocks with accuracies of greater than
0.001 ppb, there are clocking options
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frequency-controlled circuits and tim-
ing devices and their market dynamics
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Designers and manufacturers now
have new options for applications
such as in telecommunication and

data networks as well as consumer
products.

122

in frequency-controlled circuits and timing devices.
Frequency generators are integral components of
all the electronic systems that need to communicate
data. Current frequency control and timing prod-
ucts in the market are based on the use of resonators
made of nonsilicon materials and devices. One good
portable example is the cellphone handset. In the ear-
lier models, a typical GSM handset had four different
sets of piezoelectric frequency control components:
1) RF SAW filter (~900 MHz to 2 GHz using piezo-
electric lithium tantalite or lithium niobate) for
filtering signals between the antenna and the
transceiver chipset
2) IF SAW filter (~50 to 400 MHz using mainly
quartz) if super heterodyne down conversion is
used
3) TCXO (temperature-compensated crystal os-
cillator, 13/26 MHz using quartz crystal) as clock

Crystal
Tuning Fork)
BREE- SR |

GSM 900 and DCS 1800

Figure 1. Piezoelectric components in a typical dual-band
GSM handset (GSM900 and DCS1800) [1].
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reference in the transceiver synthesizer for
channelization

4) a tuning fork (32.768 KHz using quartz crystal)

for standby clocking in the baseband section

(2% = 32768).
Later on, the successful development of direct con-
version technology obsoleted the IF SAW filter in
many GSM handsets (Figure 1). The GSM transceiver
chipsets with an on-chip digitally compensated crys-
tal oscillator (DCXO) circuit began to appear [1],
hence the TCXOs are no longer needed to pair with
these transceiver chipsets. An off-chip quartz crystal
is still needed (Figure 2). Table 1 describes the typical
crystal- and SAW-based products for frequency con-
trol circuits and timing devices.

Designers and manufacturers now have new options
for applications such as in telecommunication and
data networks as well as consumer products, thanks
to some recent developments in oscillator technology.
These include configurable oscillator technology, mak-
ing the delivery of oscillators and voltage-controlled
crystal oscillators (VCXO) more timely and affordable
than ever before. Hence, these oscillators still remain
extremely competitive with their MEMS and SAW
oscillator counterparts in terms of cost, performance,
and delivery times. The configurable crystal oscilla-
tor technology stands strong in its ability to deliver its
technical and business advantages across a frequency
range of 750 kHz to 1.35 GHz with low jitter (less than
1ps) and phase noise characteristics better than those of
MEMS oscillators. Designers of subscriber applications

TABLE 1. Crystal- and SAW-based products [1].

Crystal-Based SAW-Based
(MHz ~ 200 MHz) (< 50 MHZ ~ 2.5 GHz)

Passives

Tuning fork and AT-cut SAWR
Crystal

MCF SAWF
Oscillators-

CXO (=XO=SPX0) CSO
PCXO (programmable) PCSO
VCXO (voltage-controlled) ~ VCSO
VCXO (temperature- TCSO
compensated)

OCXO (oven-controlled) OCSO

Timing modules-

CDR (clock data recovery)
CS (clock smoother)

FX (frequency translator)

CDR (clock data recovery)
CS (clock smoother)
FX (frequency translator)

STM (synchronous timing
module)

STM (synchronous timing
module)
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such as wireless WiMAX or WiBro data networks find
this combination particularly attractive.

This customizable technology also enables crystal
oscillators to find applications as diverse as the clock
source in 10G Ethernet, optical networks, storage-
area networks (SANs), FPGAs, ADSL, and various
other areas. Table 1 describes the application of the
quartz crystal and its high-frequency version, the SAW
device, as an electronic toy to a complex synchronous
timing module (STM) for the backbone clocking of
the sophisticated telecom networks. The demand for
quartz crystals and crystal

quartz is fragile material. The presence of handset manu-
facturers moving towards smaller packages has led to the
use of smaller quartz plates, and as a consequence, thinner
plate is determined by the thickness of the quartz plate and
the mode being used, the absolute manufacturing toler-
ances become more challenging for thinner plates.

A long-term research activity to produce a low cost,
high frequency fundamental crystal resonator in Giga-
hertz band resulted in the development of the inverted
Mesa-type crystal resonators (Figure 3) [3]. As shown
in Figure 3, the centre portion of the Mesa quartz

oscillators has been increas-
ing steadily between 4 to
10% annually since the “dot-
com” market collapse in the
2000~2001, but was restricted to
the frequency below 200 MHz.
Recent downtrends in tele-
com market caused 50 to 80%
drop in revenues, as business
strategies have been to ser-

with mid- to high-end quartz
crystals and crystal oscilla-
tors (HFF inverted mesa crys- ¥
tal, XO, VCXO/VCSO, TCXO,
OCXO, and timing module).
The telecom quartz crystal
and crystal oscillator market
is showing signs of recovery,
and in the meantime, many
more crystal oscillator suppli-
ers are investing in developing
mid- to high-end crystals and
crystal oscillators to prepare
for the telecom market return.
Suppliers who suffered during
the downturn will be glad to
see the market return but they
will find more competitors out
there and the telecom custom-
ers will demand lower prices.
Despite quartz being the mate-
rial of choice for high perfor-
mance TCXOs, there are several
drawbacks and limitations to this
technology. The first difficulty
is related to the attachment of
miniaturized quartz plates to the
ceramic package with solder balls.
Precise control during the assem-
bly is crucial to prevent spuri-
ous modes as well as packaging \\\
related stresses from affecting
the temperature stability of the
quartz resonator. Secondly, the
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Figure 2. GSM transceiver chipset with on-chip DCXO [2].

resonator is thinner than the outer ring so that centre
ring vibrates at higher frequency without breaking. The
outer thicker ring of the quartz forms a strong frame
structure around the thin fragile-etched central resonat-
ing layout, which is etched to known thickness corre-
sponding to the operating frequency. The strong outer
ring enables ease of handling. This technique allows the
manufacture of very thin quartz crystal resonators, but
it still needs lot of effort to manufacture and process,
therefore is not an economically viable solution to date.

Ultrathin Inverted Region of Quartz

Thicker Supporting

Region of Quartz Electrical Contract

?\\‘\'

Electrical
Contract Bottom Side  Top-Side Electrode
Electrode in Center of Mesa Area

Figure 3. A typical inverted high-frequency Mesa quartz

resonator [3].
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Integrated Resonators

As ICs continue to shrink, these silicon resonators,
unfortunately, do not follow the same Moore’s law
for miniaturization. Thus, they ultimately restrict
the ability to reduce the overall IC system’s size and
cost. In addition to this, quartz crystal, ceramic, and
SAW devices are produced through a labor-inten-
sive process, wherein each device has to be finely
tuned to achieve the desired resonance frequency
characteristics.

The idea of abandoning nonsilicon resonators
(quartz, ceramic, and SAW) for an integrated silicon solu-
tion is not new. RF system designers stress the need for
higher levels of integration in RF function blocks. Such
a modular approach provides amenable RF and digital
interfaces, speeds the time to market, and simplifies
system-level integrations. Commercially available non-
silicon resonator-based oscillators do not provide the
low-cost and power-efficient solutions in the compact
size to address these needs, whereas the integrated sili-
con solutions are cost effective and compact in size, but
phase noise performance and reliability are currently
not good enough to displace the nonsilicon technology.

For the most part the quality of these silicon sys-
tems has not matched that of quartz. The risk factors
associated with the integrated silicon solution are too
high for ultra-stable and ultra-low phase noise fre-
quency-generating circuits and timing devices, since
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the optimization (stability, jitter, thermal drift, reliabil- D ue to th ei r h igh Q an d

ity) and resulting changes during the IC design phase .

can be expensive and time consuming,. tem peratu re-sta bl e Propertles'
This study examines the pros and cons of non- qua rtz Cl'ystal oscillators have
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MEMS and TAI resonators that feature cost-effective, CommerCIal, IndUSt"aI' and mlhtary
integrable and quick development. PI'OdUCtS for many years.

Examples of Frequency Generation Circuits

Crystal Oscillator Circuits

Due to their high Q and temperature-
stable properties, quartz crystal oscilla-
tors have been important clock sources

in commercial, industrial, and military An orange from your Apple?
products for many years. The quartz

crystal and crystal oscillator industry New Megaphase® Cable App for iPhone.
has made major progress in miniatur-
ization, performance enhancement,
and cost reduction in the past ten years.
The unique fabrication and encapsula-
tion requirements render quartz crys-
tals and crystal oscillators difficult or
almost impossible to integrate onto the
silicon-based IC platforms.

For many years the fixed-frequency
crystal oscillator market needs were
mainly for CMOS output (single end)
and less than 70 MHz products. For
these low frequencies, a third-overtone
(OT) quartz crystal was considered easy
to process. The thrust was to reduce the
size and to lower the supply voltage
of crystal oscillators. The recent strong
growth in the networking and storage
market boosted the demand for dif-
ferential output (LVPECL and LVDS)
oscillators up to 160 MHz. Products
are now available in 7 X5 and 5 X 3.2
mm [2] package platforms from many
suppliers. There are three groups of
products with different performances.
The first group consists of the pairing
of either a HFF (high frequency fun- Enter MegaPhase in
damental) quartz crystal, a third-OT the iPhone App store.
quartz crystal, or a fundamental SAW
resonator with a traditional feed-
back loop oscillator IC. The second And still “Lowest Cost per Measurement”
group pairs a low frequency quartz
crystal (20 to 35 MHz) with a simple

MegaPhase - Simply Better

divider phase—lock IOOP (PLL) IC Excellence in RF Interconnects
The third group consists of the pair- MEGAPIHASE 122 Banner Road, Stroudsburg, PA 18360-6433
ing of a third OT quartz crystal with ) ekl Bes"259557 6

mail: fastquote@megaphase.com

a higher level PLL IC, e.g., a third OT Web: www.megaphase.com/ieeem
quartz crystal with an AFM (analog
frequency multiplier) IC, a third OT
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, , Harmonic (Comb)
quartz crystal with a fully programmable DSPLL oscillator IC [2]-[4]. The
above solutions offer less than 1ps rms phase jitter (12 KHz to 20 MHz). Except Generators
for the SAW solution, the above solutions offer the frequency-temperature for Outp ut 0.1 to 50 GHz
property similar to the typical AT-cut quartz crystal cubic frequency-temperature
property. The solutions provide the options of =100, 50 nd 25 ppm f-T performance.
Crystal oscillators using additional temperature compensation, also referred to as tem-
perature compensated crystal oscillator (TCXO), are able to achieve typical frequency
stabilities of 2.5 ppm/year at room temperature, typical phase noise of 138 dBc/
Hz at 1 kHz offset and power consumption as low as 1.5 mA. The smallest commer-
cially available TCXOs are currently available with dimensions of 2.0 X 1.6 X 0.8 mm
[3], [5]. Figure 4(a) shows the typical frequency shift [15], schematic and phase noise
plot of differential coupled 100 MHz crystal oscillator (XO). As shown in Figure 4(b),
the mode-feedback technique minimizes the phase noise by 10-15 dB, resulting in a
cost-effective solution. The typical measured phase noise is -139 dBc/Hz at 100 Hz
offset from the carrier, which is reasonably low phase noise solution for the class of
inexpensive crystal resonator oscillators. Latest developments like the injection lock-
ing can improve the phase noise performance further below as shown in Figure 4(d).

Ceramic Resonator Oscillator

Ceramic CROs (coaxial resonator oscillators) are widely used in wireless applica-
tions, since the technology features low phase noise at fixed frequencies through
about 4000 MHz. Ceramic resonator based oscillators are also known for high
quality factor (Q), and low phase noise performers. Typically, a ceramic resonator
comprises a dielectric material formed as a rectangular prism with a coaxial hole
running lengthwise through the prism and an electrical connector connected to
one end. The outer and inner surfaces of the prism, with the exception of the end
connected to the electrical connector and possibly the opposite end, are coated with
a metal such as copper or silver. A device formed in this manner forms a resonant
RF circuit, including capacitance, inductance, and loss resistance that oscillates, if
loss resistance is compensated, in the transverse electromagnetic (TEM) mode. The
benefits gained with this design include high Q, and low phase noise.

CROs have several disadvantages, such as: limited temperature range, limited
tuning range (limits the amount of correction that can be added to compensate for
the tolerances of other components in the circuit), and sensitivity to phase hits (due
to expanding and contracting at different rates with variation of the temperature for
outer metallic body of the coaxial ceramic resonator and other components of the
oscillator circuit). Care must be taken by the designer, like using a digitally imple-
mented CRO to overcome the above problems, otherwise, large phase hits can unlock
many communication links if not absorbed. In addition, since the design of new CROs
is much like that of an integrated circuit (IC), development of an oscillator with a non
standard frequency requires nonrecurring engineering (NRE) costs, in addition to the
cost of the oscillators.

Figure 5 shows the schematic, layout and phase noise plots of a 1 GHz CRO, the
typical phase noise at 10 kHz offset is —125 dBc/Hz. CROs are generally used for
less accurate applications [6]. Initial accuracy (calibration) of these devices ranges from
+0.05% to #-1.0%. Temperature stability is approximately 15 ppm/°C for ceramic reso-
nators. Aging is in the range of +0.5%/10 years. These devices have much lower Q
than quartz crystals and also seem to be more prone to spurious modes of operation.

SAW Oscillator _@_
SAW devices are generally used in frequency ranges above that of the BAW

(bulk acoustic wave) crystal such as the AT cut. All of the previously discussed
crystals have been BAW crystals and thus the bulk of the quartz is involved
in the area of excitation. The SAW involves only the surface of the substrate
used. The frequency is set by the distance between the electrode “fingers”
[Figure 6(a)]. Quartz, LiTaO3, and LiNbO3 are common substrates for such devic-
es. Initial accuracy is dependent on the accuracy of the printing of the “fingers.”
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Figure 5. (1) Typical schematic of 1 GHz CRO [6]. (b) Layout of 1 GHz CRO [6]. (c) Simulated and phase noise plot of IGHz CRO.

Initial accuracy can be in the =50 to 200 ppm range.
The approximate temperature constant of quartz
is 0.03 ppm/°C2 and —20 ppm/°C? for LiTaO3. Up-
per frequencies of 3.5 GHz are currently obtainable.
Currently, SAW-resonator based oscillators are used
for high frequency signal sources, which have cost,
availability, and frequency stability issues.

The shift to multiband 3G phones has increased
the demand of SAW filters per handset. This implies a
substantial increase in the filtering functions, thereby
increasing the filter count in handsets. Combinations
of multiband, multimode models are expected to use
increasing number of SAWs. As more phones oper-
ate on multiple bands, manufacturers are expected
to require more SAW filters, thereby increasing the
overall SAW filter market size. The SAW devices find

IEEE microwave magazine

applications in the following product segments: SAW
filters, SAW resonators and SAW oscillators.

SAW oscillators are widely used in wireless appli-
cations, since the technology features very low phase
noise at fixed frequencies through about 3 GHz. SAW
resonator oscillators are also known for their low micro-
phonic noise (tolerance to vibration), high quality factor
(Q), and low jitter. SAW oscillators have several disad-
vantages, including a limited operating temperature
range and limited tuning range (limits the amount of
correction that can be made to compensate for the toler-
ances of other components in the oscillator circuitry).
In addition, since the design of a new SAW oscillator
is much like that of an integrated circuit, development
of an oscillator with a nonstandard frequency requires
NRE costs, in addition to the cost of the oscillator.
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Recent improvements in SAW VCO technology
show improved thermal-drift and phase-noise per-
formance compared to other SAW oscillators at com-
parable frequencies with footprints as small as 0.5 by
0.5 inches.

Figure 6(b) and (c) shows a typical schematic and
phase noise plots of the 1 GHz SAW oscillators, the typi-
cal phase noise at 10 kHz offset is —153 dBc/Hz. These
new SAW VCO technologies using mode-feedback and
injection locking mechanism can be readily modified for
use in the 300-5000 MHz range, offer significant prom-
ise in terms of performance, price, and product deliv-
ery to satisfy both the technical and business needs of
designers and buyers. The need for accurate, affordable,
low-noise and stable performance never changes even
when oscillators are used at their specific frequency or
tuned to higher frequencies using multipliers or PLLs.

Integrated Resonators

Integrated resonators are typically fabricated using Sil-
icon and CMOS MEMS fabrication technology. Figure 7
shows the typical matrix of MEMS resonator and their
mode shapes [12]. As shown in Figure 7, flexural mode
includes folded beam, clamped-clamped beam, free-
free beam, and ring resonators. Typically, flexural mode
resonators cover the frequency less than 100 MHz due
to the limit of resonator’s mechanical stiffness. Figure 8
shows a graph showing the frequency-Q product, a
common figure of merit for resonators, increased expo-
nentially over recent years [13].

As the handset market continues to grow, develop-
ing MEMS-based RF components such as switches,
filters, resonators, VCO, etc. seems to be the logical
route toward integration (Figure 9). MEMS-based
oscillators allow for higher levels of system integration
at low cost, compared to established quartz technol-
ogy. These advantages are a direct result of the mate-
rial compatibility with standard CMOS production
and the batch type of processing of both the resonator
and its package. In particular, surface micro-machined
on-wafer thin film packages result in a very small form
factor, low cost package that is in many cases compat-
ible with existing CMOS infrastructure [15].

The relatively recent introduction of MEMS-based
oscillators has been accompanied by claims that this tech-
nology would finally replace quartz by providing lower
costs, shorter design and production cycle times, excel-
lent shock and vibration performance, and superior sig-
nal quality. In particular, as the integration difficulties of
the quartz crystal with the oscillator IC scale inversely
with the size of the package, the use of MEMS resonators
would promote a monolithic solution of MEMS and IC.
Despite these claims, few studies have been available to
help understand the performance characteristics of MEMS
oscillators. This investigation seeks to provide a direct
comparison of MEMS oscillators with traditional quartz-
resonator-based oscillators.
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Commercially available MEMS oscillator solu-
tions targeting low-end timing solutions still strug-
gle for general acceptance as a replacement of TCXO
because MEMS oscillator as a TCXO alternative, to date
fails to achieve the combination of: (1) temperature sta-
bility, (2) low phase noise and (3) frequency accuracy.

Figure 10 shows the typical 67.5 MHz quartz crystal
and MEMS oscillator for comparative analysis [12]. Fig-
ure 11 shows the typical MEMS enables RF signals
source [6].

Promise of CMOS MEMS resonators has been
immense for along time. Finally, technology is commer-
cially viable, and being rolled out as we speak. These
MEMS oscillators provide opportunities to change tra-
ditional timing devices that people are inured to for
decades. With the advantages of low cost, low power,
high reliability, and integration, MEMS oscillators will
grow and evolve over time. Quartz Crystal technology
is very important and relevant, and will continue to
have its unique share of the market, though over time
this share may probably be on the decline.

The recent advancements in MEMS and packaging
technologies have triggered serious efforts to replace
crystal-based oscillators with promises of smaller
size and lower prices. Nonetheless, non-MEMS based
approaches relying on integrated LC-tanks have
emerged and are claiming performances appealing to
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consumer applications. Both approaches need to inno-
vatively tackle two issues with minimum impact on
phase noise and jitter: Frequency stability across tem-
perature and frequency programmability.

Fueled by rapid growth in the IT industry, the global
market share of crystal oscillators reached over $ 4 bil-
lion in 2011. Feeling the pinch of the global recession,
consumers are now more conservative when it comes
to spending on electronic products. For 2012, despite
the negative impact of the worldwide economic crisis,
analysts are optimistic that the crystal component sec-
tor will register a healthy growth of over 10 percent.

Various types of MEMS resonators have already
been in development for more than 40 years. The
nascent technology, nevertheless, makes too expensive
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to compete with conventional quartz crystals. Due to
their material characteristics, silicon-based MEMS oscil-
lators have to use a temperature compensated circuit
to tune the resonance frequency back to an acceptable
scale. The vibration mechanism of the silicon MEMS
resonator is still not very stable in the short term and
that makes the MEMS oscillator unable to achieve mar-
ket acceptance at this time.

Until now, MEMS oscillators had taken only limited
advantage of MEMS integration. The market is obvious
when looking at existing timing solutions—currently
consisting of a large socket on which a PLL ASIC is
placed as a discrete, bulky quartz sensor. MEMS oscil-
lators offer the same functionality as a one-chip solution
and now compete directly with products which have
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Figure 6. (1) SAW resonator, (b) typical schematic 1 GHz VCSO (patented), (c) measured phase noise plot of 1 GHz VCSO,
and (d) measured phase noise plot of 1.7 GHz VCSO with latest technological advancements in tiny size (0.4 x 0.4 inches).
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temperature stability about 50-ppm. As for the 10-ppm
temperature stability, this is good, as MEMS oscillator
had offered 25-50 ppm so far. It is not clear if there is
a market for this specific temperature stability range.
Most consumer and IT applications can work with 30
to 100 ppm, on the higher side, and TCXO for mobile
phones and GPS require 0.5 to 2 ppm. A recent publica-
tion shows that the temperature-compensated MEMS
oscillator (TCMO) shows 5 ppm over the temperature
range from —40°C to +85°C with phase noise perfor-
mance of —136 dBc/Hz at 1 kHz offset from the 13 MHz
carrier, relating to phase noise of 123.9 MHz carrier is
—116 dBc/Hz [5]. Although the technology offers a
cost-effective solution, phase and frequency discontinu-
ity deteriorates the jitter, resulting in sudden jumps in
phase that plague commercially available fractional
N-PLL-based design. We believe the small size and
rugged reliability that MEMS oscillators can offer are
an important part of the
future of the frequency con-
trol market. The MEMS based
oscillator addresses a strong
need for high shock-resis-
tant timing components in
the precision guided muni-
tions (PGM) markets.
Another new technology
that is suitable as a cost-effec-
tive, integrable alternative for
frequency-controlled circuits
is the tunable active inductor
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Figure 7. A typical matrix of MEMS resonators and their
mode shapes.
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Last but not least, TAIO technologies, by virtue of their
small size, are also extremely rugged and well-suited to
low-jitter applications such as in military and aerospace
equipment, where resistance to shock and vibration is
at a premium. The tunable active inductor is becoming
a reality for IC solutions that have been waiting for an
improved dynamic range, phase noise performance, reli-
able, scalable and low-cost alternative to varactor diodes

(b)

Figure 10. Typical quartz and MEMS oscillator.
(a) 67.5 MHz quartz oscillator, and (b) 67.5 MHz MEMS
oscillator.

Figure 11. MEMS enabled RF signal source (MEMS-
CMOS oscillator) [18].
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as tunable capacitors. Exciting market possibilities exist
for active tunable inductors in new product areas such as
tunable oscillators, filters and resonators. This study will
benefit the existing users of oscillators such as electronic
circuit manufacturers of hand-held electronic consumer
products (such as mobile phones and laptops), who seek
to lower costs by replacing varactor-tuned oscillators
with active inductor oscillators, which are positioned to
become a preferred solution for many types of consumer
and communication applications.

The typical active inductor is based on the gyrator
(Figure 12), which can be realized by connecting an
inverting amplifier to a noninverting one in parallel
and back-to-back. Figure 13(a) and (b) show the typical
schematic and impedance plot of the active inductor.
Care must be taken to avoid encircling and crossing
point 4.3 GHz (#3), which limits the applications [Fig-
ure 13(b)] [10]. Several approaches to overcome these
problems have been considered, including the mini-
mization of the noise generated by active devices com-
prising the ATI circuits. Even these techniques result in
power hungry and limited band characteristics due to
negative resistance generated in series with the induc-
tance changes against the operating frequencies.

Technologies for creating frequency synthesizers are
diverse, from traditional analog methods using PLLs
to direct digital synthesizers (DDS) that rely on high-
speed digital-to-analog converters (DACs) to trans-
form digital input words into analog output signals.
Frequency synthesizers can be categorized into mainly
three groups: analog, digital or mixed signal (hybrid).
The frequency synthesizer described in this Figure (10)
falls into the hybrid category.

As shown in Figure 14, the block diagram for a typi-
cal synthesizer includes a VCO, phase-lock-loop (PLL)
IC, charge pump, loop filter, amplifier, and voltage
regulator. A typical unit tunes from 4000-8000 MHz in
1-MHz steps with settling time of less than 4 ms and
typical phase noise of —108 dBc/Hz at 100 kHz offset
from the carrier.

Bubble or Hit?

Although trading older technology for newer is usu-
ally par for the course, there are times when older tech-
nology not only competes with but also is as good as
if not better than what is currently being touted as the
best in the market.

Take crystal oscillators for instance. Thought to be
technology of the past after the onset of silicon oscilla-
tors based on MEMS—and before that, surface acoustic
wave (SAW) oscillators—crystal oscillators have held
their own. With the addition of multiplier topology,
manufacturers can produce crystal oscillators that pro-
vide significant business and performance advances
across a wide frequency range of 750 kHz to 2 GHz.

So far, MEMS oscillators have met all the requirements
with respect to phase noise, jitter, temperature stability,
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power consumption, and reli-
ability for the mainstream 1 to
125 MHz XO segment. This
segment covers high-volume
applications including con-
sumer electronics, I/Os such as
USB, computing, etc. The next
application target for MEMS
oscillators is to reach the accu-
racy requirements of TCXO for
RF application. Three require-
ments are needed: (1) Tempera-
ture stability, (2) Low phase
noise, and (3) Frequency accuracy. MEMS oscillators from
different research groups may have reached individual
specifications, but none has demonstrated meeting three
of them at the same time. As a result, this is one of the
first and probably the most important research goals for
MEMS oscillators. With the development efforts among
universities and industry, the MEMS oscillator is get-
ting closer to RF applications. The good news is that due
to the trend of reduced cost and size, RF system design-
ers are tweaking system specifications to use low-cost
(implying lower frequency accuracy) and integrated fre-
quency reference sources. As MEMS oscillator research-
ers are trying to bring up the accuracy, system designers
are bringing down the system requirements. We believe,
in the near future, that these two specs will merge together.

Port_1

Conclusion
The second and third generation of MEMS oscillators will
target a larger market for compact oscillators in order to
meet TCXO and OCXO performance requirements.
While silicon-based timing devices are still not as
capable as crystal oscillators of undertaking sophisticated
tasks , they are getting better, and will eventually replace
crystals in many contexts. That will produce further syner-
gies for the industry as mass production becomes cheaper

]
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Figure 12. A typical representation of gyrator-based active.

and easier. These days, designers require higher frequen-
cies and low jitter in oscillators, while buyers demand low
cost and quick delivery. Timely oscillator options that can
deliver the highest desired performance, while minimally
compensating design steps are the key to cost-effective
solutions. Fortunately, in the ongoing battle to push the
limits of technology and lower component costs, oscillator
manufacturers continue to close the gap between high-
level performance and cost-effective purchasing, with
conventional crystal technology paired with configurable
oscillator technology. Like every exciting new technology
targeting mass markets and driven by start-ups, confusion
or exaggeration are present, but all in all, we believe that
MEMS oscillators will follow the successful bulk acoustic
wave devices as the second RF MEMS mass product.
There is a possibility that MEMS-based oscillators
fill the application gap between high-performance non-
CMOS-compatible quartz technology on the one hand,
and low performance CMOS compatible LC oscillators
on the other. The electrical performance of the best MEMS
oscillators reported to date rivals the performance of typi-
cal quartz oscillators, while allowing for higher levels of
system and package integration than what is possible with
present day quartz technology [15]. It is concluded that,
“the current steady, moderate growth in timing solutions
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Figure 13. (a) A typical schematic of an active inductor, and (b) an impedance plot.
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Figure 14. Block diagram of a configurable synthesizer using configurable TAIOs.

revenue is being driven by the expansion of strong con-
sumer electronics and computer applications sectors, and
because silicon timing solutions are improving. Silicon is
increasingly able to handle some of the timing tasks tra-
ditionally given to crystals. However, continued under-
investment by telecoms infrastructure vendors could
have a negative effect in the medium term.” Overall, we
expect the market for both nonsilicon and silicon resona-
tor oscillators will share 50% down the road.
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