
A History of the Development of CMOS Oscillators: 
The Dark Horse in Frequency Control

M. S. McCorquodale and V. Gupta

Silicon Frequency Control, Integrated Device Technology, Inc.,
Sunnyvale, CA 94085 USA

{michael.mccorquodale, bhusan.gupta}@idt.com

Abstract—Microelectronic technologies developed over the past
decade to replace quartz crystal resonators (XTALs) and oscilla-
tors (XOs) are discussed. A new figure-of-merit (FOM) is pro-
posed to compare these emerging technologies. It is shown that
CMOS oscillators (COs) have been an underestimated technol-
ogy amidst these efforts as the performance of COs is compara-
ble to existing and emerging technologies and continues to scale.
Motivations and concepts behind COs are presented along with
native and package-induced frequency drift mechanisms. Design
and packaging approaches that minimize drift are demonstrated.
A brief history of CO product embodiments is presented. State-
of-art CO performance is reported where better than ±25ppm
frequency drift is achieved over 0 to 70°C and less than 950fsRMS

phase jitter integrated from 12kHz to 20MHz is realized. 

I.  INTRODUCTION

Quartz crystal resonators (XTALs) and oscillators (XOs)
serve as the de facto frequency reference in nearly all elec-
tronic platforms. Yet quartz cannot be integrated into micro-
electronic form. Achieving that goal would likely enable
frequency control devices with a smaller form-factor, lower
cost, greater flexibility, higher reliability and a myriad of
unforeseen potential benefits. Consequently, efforts to replace
quartz with such a technology date back to the 1960’s. In
1967, a transistor was presented with a mechanically resonant
gate [1]. Similarly, the frequency stability of solid-state oscil-
lators, such as that in [2], was also explored. Those efforts
were limited as the net performance of frequency control
devices based on these technologies was inferior to that which
could be achieved with quartz.

In 1980, silicon was presented as a viable mechanical
material [3]. Since then, and particularly in the 1990’s to the
present, several researchers have aimed to develop technolo-
gies leveraging silicon microelectromechanical systems
(MEMS) to replace quartz. In [4], one of the first MEMS
oscillators (MOs) was presented. These results spawned a
variety of academic and commercial efforts in the field. How-
ever, as these efforts captured the limelight, radio frequency
(RF) CMOS became mainstream [5]. With this development,
the possibility of high-performance, self-referenced, LC
CMOS oscillators (COs) became a reality. As opposed to XOs
and MOs, COs are electrically resonant and entirely solid-
state. In this manuscript, a brief history of the development of
this technology will be presented up to the state-of-the-art. It
will be shown that COs now achieve performance that rivals
both MEMS and quartz technology on several dimensions.

II.  PERFORMANCE BENCHMARKING AND A PROPOSED FOM

MEMS resonators can be fabricated in a batch silicon pro-
cess and typically exhibit a high quality (Q) factor, which is
what makes the technology interesting for frequency control
[4]. In [6] and [7], efforts to benchmark the performance of
XO, MOs and COs were presented. Several performance met-
rics were reported including frequency stability, timing and
phase jitter, single sideband (SSB) phase noise power spectral
density (PSD) and power dissipation. In that work, it became
clear that the native high-Q of MEMS resonators was not real-
ized in the complete device. This is due, predominantly, to the
fractional-N phase-locked loop required for frequency-trim-
ming and temperature-compensation of the resonator. Addi-
tionally, other work has shown that non-linear transduction of
the resonator results in upconversion of flicker noise in MOs
[8]. Nevertheless, the native high-Q of MEMS resonators con-
tinues to be cited as a critical performance metric despite the
fact that frequency control devices referenced to MEMS reso-
nators do not exhibit performance consistent with high-Q.

Addressing these efforts to benchmark different technolo-
gies while avoiding use of less relevant metrics, the authors
propose a figure-of-merit (FOM) to capture the multi-dimen-
sional nature and aggregate performance of frequency control
devices. The radar plot in Fig. 1, adapted from that in [9],
illustrates the concept that the best-performing frequency con-

Figure 1.  Radar plot illustrating the performance dimensions of a complete
frequency control device. Dimensions in bold are considered significant and
technology-dependent. The figure is adapted from [9].
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trol device achieves high-performance across all dimensions
simultaneously. As shown, XOs typically achieve high-stabil-
ity, low-noise and low-power. Emerging technologies for
quartz replacement are generally inferior along these dimen-
sions, but performance continues to scale and these technolo-
gies are positioned to offer benefits over quartz including
smaller size and shorter lead-times. 

In this work, the authors consider the three most signifi-
cant and technology-dependent performance metrics: fre-
quency stability, phase jitter (integrated from 12kHz to
20MHz) and power dissipation. The goal is to define a mea-
sure that is frequency and technology-independent while cap-
turing trade-offs in the embodiment of the device. To begin
with, frequency stability is frequency-independent by defini-
tion. Similarly, phase jitter over the bandwidth presented is
approximately frequency-independent. In emerging technolo-
gies, high frequency stability is often achieved through active
temperature-compensation due to the fact that the native tem-
perature coefficient of frequency (TCf) of the reference reso-
nator is high, particularly compared to quartz. Consequently,
power is often a penalty in achieving high stability.

Considering these factors, the proposed FOM is computed
by plotting the value of each metric along mutually-orthogo-
nal axes and solving for the volume (VFOM) of the irregular tet-
rahedron defined by these points. The volume is then
normalized to 1ppm-psRMS-mW and taken in dB. Thus, lower
FOM indicates better performance. Such an approach equally-
weights all three metrics. Fig. 2(a) illustrates ideal perfor-
mance, which is a single point at 0ppm-psRMS-mW. COs have
traditionally demonstrated performance similar to that in Fig.
2(b) where low-power is achieved, but with poor stability and
phase jitter. Fig. 2(c) illustrates the opposite case where high-
stability and low-noise are achieved through increased power.

The proposed FOM is particularly useful in benchmarking
various technologies. Table I presents the performance of a
TCXO, XO and several generations of MOs and COs. Consis-
tent with Fig. 1, the FOM shows that the TCXO and XO
achieve performance superior to the emerging technologies.
Further, it is interesting to note that the performance of several
MOs and COs are comparable. One of the MOs achieves sta-
bility and phase jitter that is comparable to the TCXO, but at
the expense of power, which is captured by the FOM.

III.  CMOS OSCILLATOR TECHNOLOGY

A. Motivations and Concepts

A high-accuracy, low-noise and low-power CO would
enable frequency control devices to be migrated to a standard
and batch silicon manufacturing process with nearly infinite
capacity. This would enable the lowest possible cost structure
while introducing the possibility of complete microelectronic
integration of the frequency source. However, CMOS technol-
ogy does not include high-Q components. For example, and
despite the advent of RF-CMOS, the Q-factor of an integrated
inductor is in the range of 10-20. However, CMOS technology
supports the design of high-frequency oscillators. Thus, the Q-
frequency (Q-f) product in COs is high. Consequently, COs
can achieve low-noise, despite the low-Q of the resonator
compared to MOs and XOs [10]. The remaining challenge
involves minimizing frequency drift and achieving high fre-
quency stability. 

B. Native Frequency Drift Mechanisms

Native frequency drift mechanisms in COs have been pre-
sented and discussed in [10]. The natural resonant frequency

of an LCO is  where L is the net tank induc-
tance and C is the net tank capacitance. Due to resistive losses
in both the inductor and capacitor, the actual resonant is given
by,

, (1)

Figure 2.  Visualization of the proposed FOM for frequency control devices.
(a) Ideal. (b) A device exhibiting low-power, but with poor stability and phase
jitter. (c) A device exhibiting high frequency stability and low phase jitter at
the expense of power. 
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TABLE I.   BENCHMARKING THE PERFORMANCE OF VARIOUS FREQUENCY CONTROL DEVICES BASED ON DIFFERENT TECHNOLOGIES

Metric
TCXO 
(TCF4)

XO
(SG-210)

MEMS
(SiT8002)

MEMS
(SiT5002)

MEMS
(DSC1121)

CMOS
(Si500)

CMOS
(IDT3CP02)

CMOS
(IDT3LV04)

Stability (ppm) 2 50 50 2.5 10 150 100 50

Phase jitter (psRMS) 0.25 0.25 250 0.6 1.7 2 2 1

Power (mW) 3.6 3 73 58 50 25.2 3.6 10.8

FOM (dB) 2.6 15.6 59.6 19.4 29.3 38.8 28.6 27.3
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where RL and RC are the losses in the coil and the capacitor
respectively. Typically, RL is significantly larger than RC. Con-
sequently, (1) can be simplified to,

 , (2)

where it is clear that the native TCf is negative and concave-
down. 

In [10], additional drift mechanisms were presented and
include harmonic work imbalance and the TCf of both the
fixed capacitance and the variable capacitance presented by
the transistors in the sustaining amplifier. A closed-form solu-
tion for drift arising from HWI was presented in [10] and is
dependent on the spectral content of the current delivered to
the tank by the sustaining amplifier. These additional drift
mechanisms are small compared to the drift induce by loss in
the tank. However, these mechanisms can introduce non-lin-
earity in the temperature-compensated response of the CO.

C. Design Approaches

In [10], an orthogonal frequency-trimming and tempera-
ture-compensation approach was presented. Referring to Fig.
3, an array of switched thin-film capacitors, Cf [X:0], serves to
trim the nominal frequency against process variation. Temper-
ature-compensation is achieved with an active approach.
Here, either the power-supply or a temperature-dependent
voltage, vctrl(T), is applied to a switched array of varactors,
Cv[Y:0]. When the varactor is biased to the power supply, it
does not vary whereas when switched vctrl(T), the TCf is com-
pensated. The number of active varactors sets the amount of
compensation.

Referring to (1), it is clear that if a loss, RC, is deliberately
introduced to the tank capacitance, C, the drift due to the loss
in the coil, RL, can be cancelled. This observation led to the
development of the passive compensation approach in [11],
which is illustrated in Fig. 3. This approach has enabled COs
to achieve total frequency stability under ±100ppm over -20 to
70°C, all operating conditions and lifetime while dissipating
less than 4mW. Fig. 4 presents the TCf of 40 devices which
were selected randomly from the production test flow. No
device exceeds ±75ppm frequency error against temperature. 

ω1 T( ) ωo 1 CRL
2 T( ) L⁄–≈

Figure 3.  Simplified schematic illustrating frequency-trimming and active and passive approaches to temperature-compensation of the CO.
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Figure 4.  Measured absolute frequency stability of 40 randomly selected COs
from production test. No device exceeds ±75ppm error from -20 to 70°C.
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D.Package-Induced Frequency Drift 

The work in [10] and [11], among other work, presented
different design approaches to contain the native frequency
drift of the CO. However, in [11], it was shown that fringing
electromagnetic fields emanating from the die can be per-
turbed by the surrounding package or environment and induce
frequency drift. Referring to Fig. 5(a), the B-field that radiates
from the coil can extend beyond the boundary of the package.
Consequently, if the field is modulated by a permeable mate-
rial or terminated with a metal, the frequency will drift. Simi-
larly, a parasitic capacitance is created by the stray E-field
from the device. Any changes in the permittivity of the mold-
ing compound of the package can induce frequency drift. Left
uncontained, each mechanism can induce frequency drift
exceeding hundreds of ppm. 

A post-processed wafer-scale Faraday shield was devel-
oped in [11] to contain these package-induced frequency drift
mechanisms. Fig. 5(b) illustrates the latest rendition of this
shield. A thick dielectric mesa is photo-patterned on top of the
die, excluding the bond pad windows. Next, metal is electro-
plated over the mesa. The metal is patterned such that it
encapsulates the mesa and contacts the over-glass layer of the
die which creates a hermetic seal. Additionally, the backside
of the die is metallized. Metal thicknesses are selected to con-
tain the known strength of the fields. As illustrated in Fig.
5(b), the shield terminates the fringing B-field on both sides of
the die. Additionally, the hermetically-sealed dielectric mate-
rial presents a constant permittivity to the fringing E-field.
This approach enabled the devices in [11] to achieve ±300ppm
stability over all operating conditions including a panel of
industry-standard stress and reliability tests. This latest gener-
ation of the Faraday shield, pictured in Fig. 6, enables COs to
achieve ±100ppm frequency stability over the same tests.

IV.  COMMERCIALIZATION OF CMOS OSCILLATORS

A. Hard Intellectual Property Macro

In [10], a hard intellectual property (IP) macro of a CO
was presented. The macro was embedded in a USB bridge
controller and was fabricated in a 0.35μm 2P4M CMOS pro-
cess. The CO occupied 0.22mm2, dissipated 31mW and main-
tained ±400ppm stability from -10 to 85°C. The device was a
commercial success where tens of millions of units have
shipped in production. However, and as discussed in [11], IP
is difficult and expensive to support due to costly re-targeting
of the macro to various foundries and technology nodes. 

B. A Silicon Die as a Frequency Source

In [11], a silicon die as a frequency source was presented
for XTAL resonator replacement and in an effort to address
the challenges associated with IP while also demonstrating
significant differentiation of COs when compared to MOs and
XOs. As described in [11], this device utilized the passive
temperature-compensation approach shown in Fig. 3. Further,
the ability to deliver the device in unpackaged form was
enabled by the development of the Faraday shield presented
previously. The device achieved ±300ppm total frequency sta-
bility over all operating conditions including industry-stan-
dard stress and reliability tests. Further, it dissipated under
4mW while achieving 2psRMS phase jitter integrated from
12kHz to 20MHz.

This device has achieved the greatest commercial success
to date as it is well-suited to wireline applications such as
USB, S-ATA and PCIe where stability requirements do not
exceed ±300ppm. The die frequency source can be assembled
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Figure 5.  (a) Illustrated cross-section of the CO assembled in a standard plas-
tic package. Electromagnetic fields fringe from both sides of the die. (b) Illus-
trated cross-section of the post-processed wafer-scale Faraday shield for
containing and terminating the fringing fields.
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Figure 6.  Micrograph of the post-processed Faraday shield at the wafer-level.
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with a chip-on-board (CoB) process, as shown in [11], or it
can be stacked in a multi-chip package (MCP) as shown in
Fig. 7. In the latter case, the final assembled device appears as
if it contains the hard IP macro in [10]. However, the die fre-
quency source is fabricated in a fixed technology node, thus
overcoming the challenges associated with IP development
while achieving the same goals of IP integration. 

C. Standard Components 

Though COs can be integrated as IP and assembled in an
MCP or with a CoB process, that does not preclude the device
from being assembled as a standard component. COs have
been assembled in standard plastic packages that are pin-com-
patible with XOs and MOs. The frequency stability data
shown in Fig. 4 were captured from these standard devices.
Historically, these devices have had modest commercial suc-
cess due to the fact that frequency stability was inferior to that
of quartz. However, as Fig. 4 shows, the stability of these
devices now rivals XOs. Consequently, commercial traction
has increased substantially and is growing exponentially. 

D.Reliability

Initial reliability data for COs was presented in [11]. Since
then, several enhancements have improved the performance of
COs markedly. For example, Fig. 8 shows the measured fre-
quency stability of a population of over 200 COs. It is shown

Figure 8.  Measured frequency accuracy of COs assembled in standard plastic packages before and after JEDEC MSL1 preconditioning and 700 temperature
cycles from -55 to 125°C. All devices maintain ±100ppm frequency stability after stress. The corresponding lifetime is 29 years. Other industry-standard stress
tests yield similar results. 

Figure 7.  The CO presented in [11] assembled in a 48-pin QFP MCP atop a
wireline controller. The MCP eliminates the need for an external XTAL. To
the end-user, the device appears to include a hard IP macro. The Faraday
shield has been dissolved with the package. The CO die was fabricated in a
1P6M 0.13μm CMOS technology and measures 920μm × 880μm × 250μm. 
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that ±100ppm frequency stability is maintained for the entire
population after MSL1 pre-conditioning and 700 temperature
cycles from -55 to 125°C, which corresponds to a lifetime of
29 years. Other stress and reliability tests yield similar results. 

E. State-of-the-Art Performance 

The latest generation of COs leverages a frequency-trim-
ming and temperature-compensation approach that is a hybrid
of the approaches presented in Fig. 3. Further, a next-genera-
tion Faraday shield has also been developed, though it is not
shown here. With these advances, state-of-the art performance
has improved significantly. In Fig. 9, the temperature-stability
of 40 devices selected at random is less than ±25ppm from 0
to 70°C. Further, referring to Fig. 10, the phase jitter inte-
grated from 12kHz to 20MHz is less than 1psRMS, which is a
significant achievement because this meets the requirement
for optical networking.

V.  FUTURE DIRECTIONS AND CONCLUSION 

Significant efforts continue in developing frequency con-
trol technologies to replace quartz. Given these various tech-
nologies, a new FOM was proposed to facilitate
benchmarking. As shown, the performance of COs continues
to improve to the point that the technology now rivals the per-
formance of XOs and MOs. The temperature-stability of state-
of-the art COs is under ±25ppm while phase jitter is less than
1psRMS integrated from 12kHz to 20MHz. Additionally, CO
technology has enabled several new embodiments of fre-
quency control devices including IP, singulated die and stan-
dard components in plastic packages. Many of these devices
have achieved significant commercial success. It is expected
that further enhancements to CMOS process technology, new

design approaches and new post-process technology will
enable CO performance to continue to scale into the future.
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Figure 9.  Measured absolute frequency stability of 40 randomly selected
next-generation COs against temperature. No device exceeds ±25ppm fre-
quency error from 0 to 70°C.
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Figure 10.  Measured SSB phase noise PSD of the a next-generation CO.
Phase jitter, integrated from 12kHz to 20MHz, is 942fsRMS. The device main-
tains <1psRMS phase jitter over the same bandwidth over all process corners.
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