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Micromechanical IBARs: Tunable High-Q
Resonators for Temperature-Compensated
Reference Oscillators
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Abstract—This paper presents a unique capacitive micromechanical resonator and oscillator architecture for temperaturecompensated frequency references. The I-shaped bulk acoustic
resonator (IBAR) is designed to have excellent electrical tunability for temperature compensation (TC) and dynamic frequency
control. High quality factor and low motional resistance are also
achieved. The applicable range of frequencies is 1–30 MHz, in
which quality factors exceeding 100 000 have been measured.
Resonator metrics, including the electrostatic tuning coefficient,
normalized dynamic stiffness, and relative dynamic compliance,
are introduced. A small-signal resistance in the resonator is reported and explained. This unexpected resistance is beneficial for
oscillator functionality over a large temperature range. The interface IC, inclusive of all blocks for sustaining oscillations and TC,
is also presented. A two-chip 6-MHz oscillator with a temperature
stability of 39 ppm over 100 ◦ C is demonstrated. The interface IC
consumes 1.9 mW.
[2008-0166]
Index Terms—Electrostatic devices, microelectromechanical
devices, microresonators, Q factor, tunable oscillators, tuning.

Fig. 1. SEM of a 10-μm-thick two-section IBAR with conservative 180-nm
gaps fabricated using the HARPSS-on-SOI process.

I. I NTRODUCTION

F

REQUENCY references are ubiquitous in electronics. In
medium- to high-performance applications, quartz crystal units are the default solution since they provide excellent
temperature stability, high quality factor Q, good linearity, and
excellent long-term stability. However, the size of quartz crystal
units and its manufacturing disparity to semiconductors are
unattractive in many applications.
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Micromechanical resonators, particularly those fabricated
from bulk materials such as single-crystal silicon (SCS), are
ideal to displace quartz in low-power small-form-factor applications. See Fig. 1. Silicon is attractive as a structural material
since it is well characterized, its material quality is tightly controlled, it intrinsically has low acoustic loss, and the crystalline
structure has potential for low aging. Furthermore, capacitive
transduction (i.e., electrostatic actuation and capacitive
detection) enables a monolithic resonator body that has lower
loss and better long-term stability than composite structures.
Low-power small-form-factor temperature-stable oscillators
remain elusive despite the recent progress in micromechanical
resonators [1]–[5]. Various schemes have been demonstrated
to compensate for the −23- to −30-ppm/◦ C temperature dependence [6] of silicon resonators. Temperature compensation (TC) is necessary to improve the temperature stability.
Geometric stress compensation [7], [8] is possible, but severe
constraints are placed on resonator design. The time- and
temperature-dependent stresses in the device and package will
likely be problematic with that approach. Another technique
is the addition of silicon dioxide (having positive temperature
coefficient) [9]–[11]. Additional loss mechanisms that reduce
resonator Q are introduced, however. Commercially available
MEMS-based oscillators use fractional-N phase-locked loop
(PLL) synthesizers [12], [13] to compensate for the temperature
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II. R ESONATOR D ESIGN AND M ODELING
Oscillator stability and the basic characteristics of capacitive
micromechanical resonators are presented first. The review
facilitates a discussion on the IBAR design concepts. The IBAR
is compared to other resonators in the same frequency space.
Resonator metrics, such as the electrostatic tuning coefficient,
normalized dynamic stiffness, and relative dynamic compliance, are introduced and described.
A. Oscillator Stability
One aspect of oscillator stability is the temperature dependence of its center frequency f0
f0 = f0 (fs )

(1)

fs = fs (fn ).

(2)

f0 , pursuant to the phase requirement of the Barkhausen criterion, is dependent on fs and fn of the resonator, which are
the resonant frequency of the motional arm and the undamped
natural frequency, respectively. fn can be approximated by
fn ≈

Fig. 2. Oscillator architecture for TC and low-power operation, including a
simplified electrical equivalent circuit of a symmetric IBAR.

dependence. The compromise with the fractional-N solution
is added cost and complexity of electronics and high current
consumption. Yet, another approach is oven control [14], [15],
which is limited to applications with power budgets of 50 mW
or more.
Electrostatic TC with automatic polarization voltage (VP )
correction is a new solution. VP -correction is attractive because
no additional structural features are necessary, the structures
are monolithic, and the current consumption is far less than
fractional-N PLL and oven control solutions. The tuning mechanism is inherent in capacitive resonators, and it also enables
dynamic frequency control.
The focus of this paper is the high-Q tunable I-shaped bulk
acoustic resonator (IBAR)1 [16]. See Fig. 1. The fundamentals of oscillator stability, capacitive resonator modeling, and
electrostatic tuning are briefly described. The IBAR geometry,
its characteristics, and the design metrics follow next. The
fabrication process and measurement data from a 6-MHz IBAR
are described in the main article.2 Finally, a brief description
of the oscillator architecture (Fig. 2), the IC design [17], the
measured temperature stability, and the measured phase noise
are presented.

1 “IBAR” is the preferred name despite the inexact semantics. The mode of
the resonator is not present in the bulk material.
2 Measurements from other IBARs are included in the Appendix.

An
va
Lgen

(3)

in which Lgen is a generalized frequency-defining dimension, An is a dimensionless parameter, va = (Ei /ρm )0.5 is the
acoustic velocity, Ei is the elastic modulus, and ρm is the
mass density. The fractional temperature dependence of fn is
given by
γT ≡

1 ∂fn
1 dva
= −αL +
fn ∂T
va dT

(4)

in which αL is the linear thermal expansion coefficient and T
is the temperature. Quartz is unique in that some crystalline
orientations have equal negating components of γT at certain
temperatures [18]. With a one-dimensional (1-D) assumption,
it can be shown that γT simplifies to3
γT =

1
(αL + αE )
2

(5)

where αE is the fractional temperature dependence of the
elastic modulus. In general, both αL and αE are temperature
dependent. In most materials, the temperature dependence of
fn must be compensated for a stable oscillator f0 .
Another aspect of oscillator stability is phase noise. A modification of Leeson’s model gives the following expression for
the single-sideband phase noise [19], [20]:



2

f0
1
F kB T
−1
L= 1+
f
+
b
.
(6)
1 m
2
2QL
fm
PR
The square brackets on the right contain the amplifier flicker
−1
and thermal noise floor F kB T /PR . PR , the resnoise b1 fm
onator absorbed (and delivered) power, is important for a low
noise floor. In (6), F is the noise figure, kB is Boltzmann’s
3 The

fractional temperature dependence of the mass density is −3αL .
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constant, T is the absolute temperature, fm is the modulation
frequency, and b1 is the flicker coefficient. The left set of square
brackets contains the loop transfer function that upconverts the
amplifier noise at small fm from the carrier. A high loaded Q
in the resonator (QL ) is critical for low close-to-carrier noise
for this reason. In modern electronic systems, clock frequencies
are typically synthesized from the reference oscillator. Since
the transfer functions of such synthesizers have a low-pass
characteristic (thereby filtering far-from-carrier noise), high QL
is particularly important.
B. Capacitive Resonator Basics
In the simplified electrical equivalent model for a symmetric
resonator (Fig. 2), the motional arm contains the motional resistance R1 , inductance L1 , capacitance C1 , and series resistance
RSS . Because the mode is symmetric, the phase shift of the
motional current is π. The motional parameters are given by [4]
kn
ωn QU η 2
mn
L1 = 2
η

R1 =

η2
C1 =
ktot

(7)

(9)

εAe
.
d2

(10)

The bias potential VP i = VP − VBi is the difference between
the potential of the resonator body VP and the potential of
the fixed electrodes VBi , where i = 1, . . . is the fixed electrode
number. In (10), ε is the permittivity, Ae is the electrode overlap
area, and d is the size of the capacitive gap. The ability to
build up and sustain oscillations is dependent on overcoming
the motional resistance
R1 =

kn d4
.
ωn QU VP2i ε2 A2e

a tunable capacitance in Fig. 2.) The displacement-linearized
electrical stiffness from fixed electrode i is
kei,0 = −

(11)

C. Electrostatic Tuning
Fine electrical tuning is provided through the tunable total
dynamic stiffness given by

ktot = kn +
kei
(12)
i

in which kei is the polarization-dependent electrical stiffness
from fixed electrode i. (Since ktot is tunable, C1 is shown as

VP2i εAe
d3

(13)

where Ae is the overlap area in one set of electrodes. For
Δfe = fs − fn , fs = 1/2π · (L1 C1 )−1/2 , and fn = 1/2π ·
(kn /mn )1/2 , the fractional frequency tuning is given by
Δfe
≈
fn

kei,0
i

2kn

.

(14)

In most cases, kei,0  kn . For a device with two fixed
electrodes at the same potential
Δfe
εAe 2
≈−
V .
fn
kn d3 P i

(15)

Since Ae , kn , and gap size vary between designs, the electrostatic tuning coefficient γe is defined
γe ≡

(8)

in which kn is the dynamic stiffness, ωn is the angular natural
frequency, QU is the unloaded quality factor, mn is the
dynamic mass, ktot is the total dynamic stiffness, and η is the
electromechanical coupling coefficient. QU can be considered
as the mechanical quality factor, whereas QL is the electrically
loaded quality factor (i.e., QL ≤ QU ). For a parallel-plate
resonator, the linearized η is given by
η ≈ VP i
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Δfe 1
εAe
=−
2
fn VP i
kn d3

[V−2 ].

(16)

This parameter allows the tunability of various resonator
topologies to be easily evaluated and compared. To increase
electrostatic tuning, the gap size and normalized dynamic stiffness kn /Ae must be minimized.4
Electrostatic tuning is the best method to control the frequency of a capacitive resonator. Traditionally, quartz resonator
tuning or “pulling” is done via an external tunable capacitor.
Since the typical C1 for capacitive resonators is much less
than 1 fF, resonator pulling via auxiliary capacitances is less
effective than electrostatic tuning.
D. IBAR Concept
A suitable resonator for reference oscillators must have
high Q5 and low R1 and provide a means for TC. The first two
objectives should be familiar to the resonator designer. High Q
is provided through symmetry and anchoring at low-velocity
locations. Low R1 is achieved by a large electrode area. For
TC, sufficient electrostatic tuning is required.
Various forms of micromechanical resonators have been
described in the literature. The variety includes rigid-body
devices [21], [22], flexural beams [23], [24], disks [25], [26],
and plates [5]. Rigid-body devices and flexural beams are
electrostatically tunable since they have low kn /Ae . However,
at frequencies greater than 1 MHz [23], the size of the beam
is greatly reduced, and R1 consequently increases. Also, the Q
of beams at 1 MHz and above is limited by anchor losses [27],
[28]. Alternatively, disks and plates can have exceptional Q at
higher frequencies. However, the kn /Ae of these modes is large
(i.e., the attainable electrical stiffness at modest bias voltages is
relatively insignificant).
4 For tuning and R , the normalized dynamic stiffness k /A is of utmost
n
e
1
importance rather than the absolute dynamic stiffness.
5 Q, when unspecified as being unloaded or loaded, refers to the unloaded
mechanical quality factor by default.
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Fig. 4. Mapping of a general mode shape into a uniform 1-D parallel-plate
equivalent. The dotted lines represent the unformed structure. The solid blue
lines represent the mode shape.
TABLE I
MECHANICAL PROPERTIES OF SINGLE-CRYSTAL SILICON AT 298 K [29]
Fig. 3. IBAR design concept for high tunability and low motional resistance.
(a) Undeformed geometry. (b) In the desired mode.

The IBAR is presented as the solution for temperaturecompensated oscillators. The basic IBAR structure is a combination of two flexural flanges and an extensional rod [Fig. 3(a)].
The flanges provide large moving electrode area and low kn /Ae
for low R1 and good electrostatic tuning. In the desired mode
[Fig. 3(b)], the symmetric extensional nature of the rod minimizes anchor loss for high Q. Multi-section IBARs may be
constructed by mechanically joining multiple rod and flange
combinations. Multiple sections increase the transduction area
and further reduce R1 . For example, the device shown in Fig. 1
is a two-section IBAR with two extended flanges.
The lumped model parameters for a resonator are found
from the mode shapes. The dynamic mass can be found by
integrating over the volume of the resonator V
2TE
mn = 2 = ρm V
u̇a

u2 (x, y, z)dV
u2a

(17)

in which TE is the maximum kinetic energy, u̇a is the time
derivative of the displacement at a particular point of interest
ua , and u(x, y, z) is the mode shape. Similarly

Fig. 5. Mode shape of the two-section IBAR in Fig. 1, showing a symmetric
mode shape and ideal anchoring locations.

in which VE is the maximum elastic strain energy. A large
displacement for a given VE gives a small stiffness.

displacement along the electrode overlap area, (10) holds true
for all mode shapes.
Many modes exist for the IBAR structure. The desired mode
is the only mode in which the displacements along the entire
moving electrode surface are in phase. For the out-of-phase
modes, the average displacement is reduced, leading to a larger
kn and, thus, larger R1 . For this reason, spurious modes are
conveniently suppressed by capacitive coupling.

E. Generalized Capacitive Coupling

F. Finite-Element Modeling

The coupling η for parallel-plate devices (10) is valid when
the displacement of the entire electrode overlap area is uniform.
It is desired to accommodate all resonators (i.e., including
those with varying displacement along the electrode overlap
area) using the same expression. The objective is to take the
general mode shape and map it into a 1-D uniform parallel-plate
equivalent with the same gap and electrode dimensions (Fig. 4).
It can be shown that when ua in (17) and (18) is the average

Computational finite-element modeling is convenient for predicting natural frequencies and mode shapes from the geometry
and material properties (Table I). ANSYS was utilized as the
platform. In the analyses, the dynamic stiffness is computed
numerically from ANSYS modal analysis results (see Fig. 5).
Following (18), kn is found from the strain energy in the
desired mode and the associated average displacement along
the electrode overlap area.

kn =

2VE
= ωn2 mn
u2a

(18)
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G. Comparison to Extensional-Mode Resonators
To evaluate the merits of the IBAR, we introduce the model
of a pure extensional-mode (also known as longitudinal-mode)
resonator for comparison. Pure extensional modes have been
found in plate-like silicon bulk acoustic resonators [5]. The angular natural frequencies of a 1-D extensional-mode resonator
are given by
ωn =

nπ va
L

(19)

in which n is the mode number and L is the frequency-defining
length. The dynamic mass and stiffness at one of the ends are,
respectively [4]
mn,1D−ext =
kn,1D−ext =

ρm LAe
2

(20)

n2 π 2 Ei Ae
.
2L

(21)

The normalized dynamic stiffness can be expressed as a direct
function of natural frequency
 
kn
= nπ 2 Ei ρm · fn .
(22)
Ae 1D−ext
Assuming that Ei = 168 GPa for a resonator aligned to
110, the kn /Ae for the fundamental extensional mode is
0.195 PN · m−3 · MHz−1 (1 PN = 1 × 1015 N).
To conveniently compare an IBAR to a 1-D extensionalmode resonator, the relative dynamic compliance cr and relative
dynamic stiffness kr are defined
1
cr ≡
≡
kr

kn
Ae
kn
Ae

1D−ext,fn

.

(23)

IBAR,fn

cr is the ratio of normalized dynamic stiffness of two resonators
at the same frequency. An IBAR will have a factor of cr
improvement in tuning over an extensional-mode resonator at
the same frequency.
IBARs can be classified into three categories: complianceenhanced (CE), Q-enhanced, and semicompliant high-Q [30].
CE IBARs have substantial response in the flange and minimal displacement of the rod. They have the lowest kn /Ae
and provide the greatest tunability. In CE IBARs, the natural
frequency of the desired mode is primarily defined by the flange
[30]. Plots of cr generated from finite-element analysis data
permit easy evaluation of CE IBARs. In Fig. 6, the cr ’s of
IBARs with flange widths of 5, 10, 20, and 40 μm are plotted
versus frequency. Since flange flexing (i.e., beam bending)
is dominant in the mode for CE IBARs, the compliance is
inversely proportional to the flange width. A 1-MHz IBAR with
wF = 40 μm can have a maximum cr of 17. For wF = 10 μm,
the maximum cr at 1 MHz is 68. The empirical formula for the
maximum relative dynamic compliance of an IBAR is given by

−1
fn
cr ≡ cr,1MHz ·
(24)
1 MHz

Fig. 6. Relative dynamic compliance limit of IBARs with wF = [5, 10,
20, 40] μm and two fixed electrodes to extensional-mode resonators. Markers
represent finite-element analysis data. Lines represent (24). The red square
marker represents the 6-MHz two-section IBAR in Fig. 1.
TABLE II
MAXIMUM RELATIVE DYNAMIC COMPLIANCE OF A CE IBAR
AT 1 MHz FOR THE E MPIRICAL F ORMULA IN (24)

where cr,1MHz ’s for several values of wF are listed in Table II.
For wF = 10 μm, cr is estimated to be 2.3 at 30 MHz. At higher
frequencies, cr is further reduced, and the tuning characteristics
of an IBAR become more similar to that of an extensional-mode
resonator.
H. Figure of Merit
Resonators configured with device capacitances shunted to a
common node (Fig. 2) have a figure of merit
FM,S ≡ (R1 · 2πfs CS )−1

(25)

which relates the susceptance through the shunt capacitance CS
to the admittance of the motional arm at resonance. Substituting
for R1 and CS
FM,S ≈ −QU γe VP2i .

(26)

The figure of merit is linearly dependent on the electrostatic
tuning coefficient γe and VP2i .
III. FABRICATION
IBARs with center frequencies from 1 to 30 MHz have
been fabricated using the high-aspect-ratio-polysilicon-andsingle-crystal-silicon (HARPSS)-on-silicon-on-insulator (SOI)
process [5]. The process flow in Fig. 7 requires three masks.
The process starts with thermally growing a 0.5–1.5-μm-thick
oxide layer on a low-resistivity SOI substrate. The oxide is
patterned, retaining only the regions defining the resonator
structure and anchors [Fig. 7(a)]. Vertical trenches are then

508

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 19, NO. 3, JUNE 2010

TABLE III
6-MHz IBAR SUMMARY

Fig. 7. The three-mask HARPSS-on-SOI process for fabrication of thick SCS
resonators with submicrometer gaps. After [5]. (a) Grow and pattern initial
oxide. (b) Etch trenches to define the structure. Deposit sacrificial oxide and
etch-back oxide in the field. (c) Deposit LPCVD polysilicon. Pattern and
etch field and polysilicon to define the pads and fixed electrodes. (d) Release
structures in HF. The SCS resonator is suspended and separated from the
polysilicon fixed electrodes.

IV. R ESONATOR M EASUREMENTS AND A NALYSIS

Fig. 8. SEM of a 180-nm gap created in the HARPSS-on-SOI process.

created using deep reactive-ion etching through the device
layer. The thickness of the resonators can be greater than 50 μm.
A thin conformal layer of sacrificial oxide is disposed by
either low-pressure chemical vapor deposition (LPCVD) or
thermal oxidation. The thickness of the sacrificial oxide layer
determines the capacitive gap between the SCS resonator and
soon-to-be trench-refilled fixed electrodes. Typical gap sizes
are 60–500 nm. The sacrificial oxide is then etched back on
the surface [Fig. 7(b)]. Next, highly-doped p-type LPCVD
polysilicon fills the trenches and forms the fixed electrodes.
Polysilicon is also deposited directly on the exposed silicon
to anchor the fixed electrodes. Next, the input/output pads and
polysilicon fixed electrodes are patterned and etched to provide
electrical isolation between the pads and the resonator body
[Fig. 7(c)]. Structures are finally released in hydrofluoric acid
[Fig. 7(d)]. Fig. 1 shows a scanning electron micrograph (SEM)
of a 10-μm-thick IBAR with conservative 180-nm gaps. The
gap size was chosen to suit the design operational voltage range
of 15–25 V. The close-up of the gap (Fig. 8) shows uniformity
along the thickness of the device.

Characterization of the fabricated resonators was performed
with direct connection to an Agilent 4395A network analyzer
with a resistive divider test set [4]. Resonators were wirebonded to a PCB and placed inside a custom vacuum chamber.
The measured transmission characteristic is the voltage ratio
AV . 6 From the measured transmission, the test resistance Rt is
given by
 −A

V
20
Rt = 50 Ω · 10
−1
(27)
where AV is the voltage ratio at resonance. The device parameters can then be extracted from Rt , the center frequency, and
the measured quality factor.
For the IBAR in Fig. 1, the predicted frequency is 5.75 MHz
(Table III). Finite-element data give a kn /Ae of 0.204 PN/m3 .
From this, cr is 5.50, and the predicted tuning coefficient is
−7.44 ppm/V2 .
A QL of 10 3000 was measured in vacuum with a polarization voltage VP of 3 V (Fig. 9). The bias potential of the fixed
electrodes VB1 = VB2 was 1 V. The measured center frequency
is 5.59 MHz.7 Changes in quality factor were not observable
over the pressure range of 0.1 torr–1 μtorr. Flexural beam
6A

is not equal to s21 .
measured center frequency is the resonant frequency of the device fr
with shunt and parallel capacitances in effect. For the disclosed IBARs and
experimental configuration, the measured fr in this paper can be considered
equal to the resonant frequency of the motional arm fs .
V
7 The
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Fig. 9. Measured frequency response of the 6-MHz two-section IBAR with
VP = 3 V, VBi = 1 V, and P = 0.1 torr.
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Fig. 11. Measured and theoretical resistances of the 6-MHz IBAR over a
VP range of 2 to 25 V. The dotted line represents the predicted resistance
accounting for RSS of 6.2 kΩ.

Fig. 12. Measured and theoretical loaded Q’s of the 6-MHz IBAR over a VP
range of 2–25 V.
Fig. 10. Measured and theoretical tuning characteristics of the 6-MHz IBAR
over a VP range of 2–25 V.

resonators near 1 MHz are typically limited by thermoelastic
damping (TED) [31], [32]. Assuming pure flexure in the IBAR
with a 30-μm-wide flange, the peak TED frequency is approximately 100 kHz, and the limiting Q at 5.5 MHz is 350 000.
Therefore, this IBAR is not Q-limited by TED. The measured
Q is possibly limited by asymmetries in the lithography and
etching that lead to anchor loss.
The measured electrostatic tuning and resistance of the IBAR
are as expected. By tuning VP from 2 to 25 V with VBi set
at 1 V, fs is tuned by 4557 ppm (Fig. 10). The measured
electrostatic tuning coefficient for this device is −7.92 ppm/V2 .
The test resistance Rt is 6.8 kΩ with VP of 20 V, while the
predicted motional resistance R1 is 0.6 kΩ (Fig. 11). A large
part of Rt is a small-signal resistance RSS of approximately
6.2 kΩ. RSS ’s of 0.5–5 kΩ have been measured in other IBARs
(Fig. 23). It is a result of the finite conductance of the resonator
body. Since most capacitive resonators reported to date have
R1 larger than several k-Ω, RSS and its affects have not been
observed in the past. In IBARs, RSS can substantially reduce

QL as R1 is reduced (Fig. 12). The loaded Q can be expressed as
QL = QU

R1
R1 + RSS + Rterm

(28)

where Rterm is the sum of the termination impedances. Dependence of QL on VP is also observed in other IBARs (Fig. 24).
It would be beneficial to reduce the loading for low close-tocarrier phase noise. However, since the stabilized R1 + RSS
over the voltage range is advantageous for interfacing, eliminating RSS is neither necessary nor desirable.
V. O SCILLATOR D ESIGN AND C HARACTERIZATION
An oscillator (Fig. 2) based on the IBAR was implemented
to demonstrate a temperature-stable reference. Table IV is a
summary of the two-chip solution with an overall frequency
stability of 39 ppm over 100 ◦ C. The compensation scheme
and the measured temperature dependence of frequency are
presented. The interface circuit was fabricated in a two-poly
three-metal 0.5-μm CMOS process through AMI Semiconductor. The die photograph is shown in Fig. 13. The design of the
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TABLE IV
6-MHz IBAR OSCILLATOR SPECIFICATIONS

Fig. 14. (a) Illustrated mechanics of TC by VP -correction and (b) parabolic
TC circuit (bias generator).

A is used for setting the center frequency f0 , and B is approximated by
γT
B∼
=
γe

(32)

in which both γT and γe are negative values. The illustrated
mechanics of TC and the block diagram for the compensation
circuit are shown in Fig. 14.

B. Interface IC Design

Fig. 13. Die photograph of the interface IC with ALC loop amplifier and
parabolic TC circuitry.

circuit is documented in detail in [17]. The power consumption
for sustaining oscillations and TC was 1.9 mW.
A. Temperature Compensation
The oscillator center frequency is nominally equal to the
resonant frequency of the motional arm of the resonator
fs (VP i , T ) = fn (T ) + Δfe (VP i ).

(29)

The objective is to stabilize fs by negating the shift in fn by
tuning Δfe . Substituting for Δfe


(30)
fs (VP i , T ) = fn (T ) 1 + γe · VP i (T )2 .
Assuming that fn has a linear dependence on T , (30) can be
rearranged to solve for VP2i under the condition that fs is held
constant
VP2i ≈ A − B · ΔT.

(31)

The interface IC consists of a transimpedance amplifier to
sustain oscillations and an automatic level control (ALC) circuit to control the power input to the resonator (see Fig. 2).
Level control is accomplished by detecting the amplitude of
oscillations, comparing it to a reference voltage VREF , and
using the difference to control the gain of a feedback MOS
resistor RAMP . The reference voltage used for comparison is
dependent on the drive-level linearity of the resonator. The ALC
circuit is able to accommodate the resistance variation over the
VP -tuning range since RSS stabilizes the resonator resistance.
The TC circuit (Fig. 14) comprises band-gap and
proportional-to-absolute-temperature (PTAT) voltage generators that feed low-power scaling and difference amplifiers. The
coefficients A and B of (31) are adjustable using different
gain-setting resistors in the amplifiers to accommodate the
tuning coefficients of different resonators.
Since the VP -tuning characteristic is parabolic, a squareroot generator is required for accurate TC. This function is
provided by the simple square-law relation between the drain
current and the VGS of a MOS transistor biased above VT .
The last stage of the difference amplifier is designed to be a
transconductance stage that feeds a PTAT current into a squarerooting circuit. The square-rooting circuit generates a voltage
proportional to the square root of the current, thus providing
the required temperature coefficient.
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Fig. 16. Measured single-sideband phase noise of the 6-MHz IBAR oscillator.
Fig. 15. Uncompensated, linearly compensated, and parabolically compensated temperature stability for a 6-MHz IBAR oscillator measured over a range
of 100 ◦ C. Stability improved 72 times with parabolic compensation.

A charge-pump voltage multiplier steps up the generated
voltage to a maximum of 25 V. A Dickson-type charge pump
[33] was selected in this implementation to obviate the need for
high-voltage transistors. The change in the temperature slope
arising from the charge-pump diodes is also accounted for while
choosing the gain-setting resistors for the PTAT amplifier.

VI. F URTHER D ISCUSSION
The successful implementation of a temperature-stable reference oscillator provides an excellent benchmark for further
improvement. Achieving center-frequency accuracy [30] is one
major step toward manufacturability. A thorough study on the
phase noise is necessary. Also, several aspects of the resonator
can be improved.
A. IBAR Improvements

C. Temperature Stability
The 6-MHz oscillator exhibited a temperature variation of
only 39 ppm over 100 ◦ C with parabolic TC (Fig. 15)—an improvement factor of 72 over the uncompensated variation. See
Table IV. Thermal equilibrium was ensured in the temperature
chamber before measurements were taken. It is estimated that
the curvature of the band-gap and PTAT generators account for
almost 25 ppm in error and can be minimized with curvature
correction techniques. Other errors include the nonlinearity in
the square-root generator, the temperature coefficient mismatch
in the charge-pump diodes, and inaccuracies in setting B.
D. Phase Noise
The phase noise of the IBAR oscillator (Fig. 16) is presented to show oscillator functionality and close-to-carrier
noise. Aside from the ALC circuitry, there were no attempts
at minimizing phase noise. Measurements were made with an
Agilent E5500 phase noise analyzer. The IBAR was biased at
3 V to investigate the close-to-carrier noise. A low VP was used
because Q is minimally loaded with this condition. The phase
noise is −90 dBc/Hz at 100-Hz offset and −110 dBc/Hz at
1-kHz offset. The far-from-carrier phase noise of the oscillator
with ALC was −135 dBc/Hz. The effects of VP noise and resonator linearity have not been thoroughly studied. It is possible
2
noise. In
that these effects contribute to the unexpected 1/fm
systems that contain a PLL synthesizer for upconversion, the
noise floor is further suppressed. In such applications, resonator
Q has more significance than linearity. Nonetheless, methods
to reduce Q loading and further improve resonator linearity are
proposed hereinafter.

Desirable improvements to the IBAR include lower operational voltage, greater tunability, improved linearity, and optimizing RSS . To accomplish this, smaller capacitive gaps, a
thicker substrate, and fixed electrodes on the inner surfaces of
the flange will be beneficial.
Smaller 65-nm gaps were fabricated for a 20-MHz IBAR
(Fig. 17). Due to the smaller gaps, this higher frequency device has sufficient tuning range and low R1 for voltages not
exceeding 15 V (Fig. 18). If the gaps of the 6-MHz IBAR
are reduced to 65 nm, R1 is 0.90 kΩ for 3-V polarization
(see Table III). At the same time, γe will be magnified by a
factor of 21 to −158 ppm/V2 . For such a device, a VP i range of
3–6 V provides ∼4300 ppm of tuning.
A thicker substrate will improve linearity and reduce R1
and RSS (Fig. 20). The increase in electrode overlap area by
extending thickness is desirable in all performance aspects.
Mode shapes in IBARs are generally planar and have negligible
dependence on thickness when t is a quarter wavelength or less.
Inner surface electrodes are expected to provide a significant
improvement. RSS will be reduced because charge will migrate
only across the width of the flange in each half cycle. Additionally, since electrode area can be almost doubled, R1 can be
reduced by a factor of approximately four. Most importantly,
lower polarization voltages (and greater drive-level linearity)
are possible since γe and cr will be doubled.
B. Compensation Accuracy
As the temperature is sensed on the IC, dynamic thermal
gradients between the two chips limit the accuracy of compensation. An optimal packaging solution would ensure minimal
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Fig. 17. SEM of a 20-MHz 10-μm-thick two-section 65-nm-gap IBAR.

Fig. 18. Measured tuning and resistance of the 20-MHz IBAR with 65-nm
gaps (VB1 = VB2 = 0 V).

thermal resistance between the resonator and the PTAT generator. Compensation accuracy is also limited by error sources
from the IC [17].
C. Applications
The achieved temperature stability and current consumption
satisfy the requirements for medium-performance oscillators.
The measured stability is superior to ceramic and CMOS
counterparts [34], [35]. Although significant advancements
are necessary to reach TCXO-grade performance, there are
a number of immediate applications for this technology. One
ideal application is a small-form-factor consumer-grade timing reference. In applications in which tracking is desired,
VP -tuning also offers dynamic control.
VII. C ONCLUSION
A low-power temperature-compensated oscillator with
39-ppm stability over a range of 100 ◦ C, based on a new micromechanical capacitive resonator and a new compensation architecture, has been achieved. Oscillator measurements confirm

Fig. 19. Measured Q of 119 000 from a 6-MHz three-section IBAR in vacuum
(VP = 1 V, VBi = 0 V).

that the described technology is attractive over alternatives for
medium-performance timing in the 1–30-MHz spectrum. The
automatic compensation technique involves electrical tuning of
the resonant frequency. Several implementations of the unique
resonator topology have been characterized and verified to have
high tunability, high Q, and low motional resistance. The experimental results confirm that the design objectives have been
met. Quality factors exceeding 100 000 have been measured.
A modest amount of electrical tuning, sufficient for TC, has
been demonstrated. Motional resistances have been reduced
to the extent that a small-signal resistance in the resonators
has been observed. This unexpected resistance is beneficial for
stabilizing the resonator impedance over the tuning range.
Improvements are suggested for future work. Reducing the
small-signal resistance loading will ensure high Q throughout
the tuning range. The measured phase noise serves as a baseline
for further improvement. Incorporating additional electrodes is
expected to reduce both resistive loading and phase noise. The
accuracy of TC can also be improved.
One objective of this paper is to lay a practical foundation.
The described resonator circumvents the typical high voltages
associated with capacitive micromechanical devices. Manufacturability and initial frequency accuracy are presented in [30].
Only time will tell which applications will benefit most from
this unique resonator and oscillator architecture.
A PPENDIX
The experimental results from a 20-μm-thick three-section
6-MHz IBAR are presented. The open-loop response with
VP = 1 V and VB = 0 V shows an unloaded Q of 119 000
(Fig. 19). The test resistance when VP = 18 V is 655 Ω
(Fig. 20), of which 437 Ω is attributed to the resistive loading
of the resonator body, fixed electrodes, and electrical terminations. The de-embedded motional resistance is therefore only
218 Ω. The low R1 is a result of increased electrode length
and increased thickness. The tuning and test resistance of the
resonator are shown in Fig. 21.
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Fig. 23. Measured test resistance dependence on VP i for several 3–6-MHz
IBARs with 270-nm gaps.
Fig. 20. Lowest measured resistance of 655 Ω (R1 = 218 Ω) from the
6-MHz three-section IBAR (VP = 18 V, VBi = 0 V).

Fig. 24.
Fig. 21. Measured tuning and resistance of the 6-MHz three-section IBAR
with 180-nm gaps.

Quality factor loading in several 3–6-MHz IBARs with 270-nm gaps.

10-μm substrate with 270-nm gaps. From Fig. 22, the 3-MHz
devices clearly have greater tuning than the 5-MHz devices. A
linear fit is applied to the measured test resistances in Fig. 23.
A constant resistance of 1–5 kΩ is observed in Rt , signifying
the presence of RSS . Finally, the loaded-Q characteristic in
Fig. 24 shows once again the presence of RSS in low-resistance
resonators.
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