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Abstract—Vibrating polysilicon micromechanical ring

resonators, using a unique extensional wine-glass-mode

shape to achieve lower impedance than previous UHF res-

onators, have been demonstrated at frequencies as high as

1.2 GHz with a Q of 3,700, and 1.52 GHz with a Q of 2,800.

The 1.2-GHz resonator exhibits a measured motional resis-

tance of 1 MΩ with a dc-bias voltage of 20 V, which is 2.2

times lower than the resistance measured on radial contour-

mode disk counterparts at the same frequency. The use of

larger rings offers a path toward even lower impedance, pro-

vided the spurious modes that become more troublesome as

ring size increases can be properly suppressed using meth-

ods described herein. With spurious modes suppressed, the

high-Q and low-impedance advantages, together with the

multiple frequency on-chip integration advantages afforded

by capacitively transduced �mechanical resonators, make

this device an attractive candidate for use in the front-end

RF filtering and frequency generation functions needed by

wireless communication devices.

I. Introduction

Having recently been demonstrated at frequencies past
1 GHz, some with quality factors (Q’s) > 10,000 in

both vacuum and air [1], [2], vibrating micromechanical
(“µmechanical”) resonators [3]–[6] are emerging as possi-
ble enablers for on-chip versions of the pre-select (or even
channel-select) filters needed in the RF front-ends of wire-
less communication devices. Such filters are designed much
like the macroscopic mechanical filters of old [7], where
high-Q mechanical resonators are mechanically coupled to-
gether into networks that realize desired frequency shaping
transmission responses. So far, the frequencies of properly
designed (i.e., properly terminated) versions of such filters
have reached only the very high frequency (VHF) [8]–[10]
range, although unterminated responses showing coupled-
resonator mode peaks in the ultra-high frequency (UHF)
range have been demonstrated [11]–[13]. The availability of
properly terminated on-chip RF filters in the UHF range
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and beyond could greatly simplify the realization of future
multi-band reconfigurable wireless communicators, which
are expected to require many more RF filters than today’s
communicators—e.g., one set for each supported commu-
nication standard, as shown in Fig. 1(a). Because the sim-
plicity of capacitively transduced resonators has so far en-
abled them to achieve the highest Q’s and most design
flexibility (i.e., reconfigurability) among micromechanical
resonators to date, capacitively transduced resonators are
of high interest for front-end RF filtering strategies, espe-
cially in schemes where channel-selection right at RF is
desired [14].

Unfortunately, however, although their Q’s and frequen-
cies are now sufficient, the greater than 1 MΩ impedances
of the GHz range capacitively transduced µmechanical
resonators demonstrated so far are still too high to al-
low matching to conventional RF stages and components,
which today are often designed to match to a front-end
system impedance of 50 Ω. The use of 50 Ω is a conven-
tion that derives mainly from the need to route signals
through relatively high capacitance environments, such as
those of the pc boards generally used for electronic sys-
tem integration. However, as more components are in-
tegrated onto a single silicon chip, e.g., using the tech-
nology of the present work, system impedances need no
longer adhere to a 50 Ω convention because off-chip board-
level capacitors need no longer be driven. As a result, sys-
tem impedances will likely rise to take advantage of cer-
tain noise benefits. For example, the use of a high system
impedance helps to desensitize a system from losses arising
from parasitic resistance (e.g., wire resistance). It further
allows more optimal noise matching to transistor-based
functions, for which noise figure can be minimized when
driven by optimal source resistances, which are generally
higher than 50 Ω. However, even when completely inte-
grated on-chip, system impedances will likely still not rise
past the kilohm range because finite chip-level capacitance
will still place a limit on the magnitude of impedance.
Thus, design methodologies that allow reduction and tai-
loring of capacitive-transducer impedances down to the
kilohm range are still desirable.

As a potential solution to this need, this paper presents
a ring-resonator structure shown in Fig. 1(b) that operates
in a compound (2,2) mode capable of achieving higher fre-
quency and lower impedance than previous stand-alone (as
opposed to arrayed [15]) UHF micromechanical resonators.
This resonant-mode shape, shown in Fig. 2(a), combines
aspects of two previously demonstrated modes, namely,
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Fig. 1. (a) System block diagram of a multi-band reconfigurable wire-
less front-end, indicating targeted RF and IF filtering components;
(b) perspective-view schematic of an extensional wine-glass ring res-
onator, identifying key features and a typical drive and sense config-
uration.

Fig. 2. Comparison of ANSYS-simulated resonance vibration mode
shapes for (a) an extensional wine-glass mode ring resonator; and
(b) a radial-contour mode solid-disk resonator.

the extensional radial-contour vibration mode [3] and the
compound (2,1)-mode (i.e., the mode often dubbed the
“wine-glass disk” mode in previous papers [16], [17]), to-
gether with the geometric advantages of a ring structure
[18], to achieve the best of each design. In particular, this
compound (2,2) mode design, dubbed in [19] the “exten-
sional wine-glass ring,” or “EWGR,” allows: 1) a high res-
onance frequency, owing to its use of an extensional mode;
2) a lower motional impedance than a filled disk, due to its
ring-geometry, which offers a larger capacitive transducer
overlap area than provided by the perimeter of a filled disk;
3) potentially higher Q, since its mode shape resembles a

wine-glass-like mode [16], which allows its support struc-
ture to avoid a centrally located stem and thereby reduce
anchor losses, as seen in [16]; and 4) a mode shape con-
ducive to fully balanced differential inputs and outputs.
With this design, frequencies as high as 1.2-GHz with Q’s
around 3,700, and at 1.52-GHz with a Q of 2,800, have
been demonstrated, with motional resistances 2.2 times
lower than resistances measured on radial contour-mode
disk counterparts [3].

The paper begins with a description of the basic struc-
ture and operation of the device in Section II, then devel-
ops the analytical formulations needed to attain a specified
frequency and equivalent circuit model in Section III. Af-
ter verifying the accuracy of the analytical formulations
with the fabrication and measurements of Sections IV and
V, Section VI then addresses the issue of spurious modes,
proposing and experimentally assessing various methods
by which they can be eliminated.

II. Device Structure and Operation

The key to attaining the high Q of this resonator is
in the support flexibility afforded by its extensional wine-
glass-mode shape, shown in Fig. 2(a). In this mode shape,
the expansion (contraction) of the two diagonal quarters of
the ring exhibit extensional characteristics, while the de-
formed inner and outer perimeters of the ring display wine-
glass mode features. In contrast to the purely radial mode
of a solid disk resonator, shown in Fig. 2(b), where the
only nodes are at the disk center or (for higher modes) at
less accessible circles within the disk area, this extensional
wine-glass mode offers several quasinodal points away from
the center, at perimeter locations where the ring may be
supported. As demonstrated by previous (lower frequency)
solid-disk wine-glass resonators [16], which achieved Q’s ∼
145,000 at 61 MHz [20], the ability to support a disk res-
onator at its perimeter rather than its center can also be
advantageous for attaining high Q. In addition, perimeter
supports allow a simpler fabrication process sequence than
needed for stem-supported structures, which often require
self-alignment of the stem for maximum Q [1].

Fig. 1(b) presents the perspective-view schematic of the
actual resonator design used in this work, identifying key
features and an excitation configuration that instigates the
extensional wine-glass mode of Fig. 2(a). As shown, this
device consists of a ring suspended 650 nm above the sub-
strate by four tethers connected at quasinodal locations
for this mode, where there are no radial displacements,
but still tangential ones. The support beams are designed
with geometries that isolate the resonator structure from
its anchors to minimize energy losses to the substrate, al-
lowing the structure to retain its highest Q. Aside from the
support structure, multiple electrodes surround the ring,
both inside and outside, to maximize the transducer over-
lap capacitance. To excite the device, a dc-bias voltage
VP is applied to the conductive ring and an ac voltage vi

to drive electrodes along one radial axis of the ring. To-
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gether, these voltages generate incremental electrostatic
radial forces at the frequency of vi at each drive electrode
j given by

Fdj =
1

2
(VPj − vi)

2 ∂Cj

∂r
⇒ δFdj = −VPj

∂Cj

∂r
vi,

(1)

that compress and expand the ring extensionally at their
locations, driving the device into the resonance vibration
mode shape of Fig. 2(a) when the drive frequency matches
the resonance frequency fo. In (1), VPj = VP −Vj , Vj is the
dc voltage applied to electrode j (usually grounded), Coj

is the electrode-to-ring overlap capacitance at port j, and
∂Cj/∂r is the change in this capacitance per unit radial
displacement, which for the direction convention indicated
in Fig. 5 (to be discussed later), has a positive value at the
ring’s outer edge, but a negative value at the ring’s inner
edge. To illustrate the sign conventions of (1): With VP a
finite value, Vj = 0 V, and vi going positive, (1) indicates
that the incremental force δFdj acting on the outer ring
edge is negative; i.e., it acts inward according to the con-
vention of Fig. 5, where the positive radial direction points
outward from the ring center. This effectively moves the
outer edge inward, compressing the ring. Meanwhile, the
incremental force predicted by (1) due to this same rising
vi acting on the inner ring edge is positive, resulting in an
outward movement of the inner ring edge, also compressing
the ring.

Once vibrating, dc-biased (by VP ) time-varying
electrode-to-resonator capacitors generate currents at each
electrode j given by

ixj = VPj
dCj

dt
= VPj

dCj

dr

dr

dt
, (2)

where the phase of ixj depends on the phase of dCj/dt.
In particular, as the ring vibrates, the shape of the ex-
tensional wine-glass mode is such that when the portions
of the ring between the input drive electrodes—1 to 4
in Fig. 1(b)—compress, those between the output sense
electrodes—5 to 8 in Fig. 1(b)—expand. At this instant,
dCj/dt is negative at the drive electrodes, meaning that
motional currents enter the input electrodes. At the same
time, dCj/dt is positive at the sense electrodes, meaning
that motional currents exit from the output electrodes.
Thus, the net current into the ring structure itself is zero
for the specific excitation configuration of Fig. 1(b). (Note
that this is not necessarily the case for other configura-
tions, and the difference will be described later.)

From a “black box” perspective, this device looks like
any other electrical filter from its input and output. This
despite the fact that its operation mechanism is largely
mechanical, in that electrical input signals are first con-
verted to mechanical signals, processed (with high Q) in
the mechanical domain, then re-converted to electrical sig-
nals at the output, ready for further processing by subse-
quent transceiver stages. As will be shown in subsequent
sections, with a finite VP this mechanical resonator device
is electrically equivalent to an LCR tank circuit, and so

has a response identical to that for any resonator, except
with very high Q.

In addition to providing analytical formulations for
force and current, (1) and (2) also emphasize the on/off
switchable feature of this device. In particular, when VP

is finite, the device operates as described. But when
VP = 0 V, the force at the frequency of vi goes to zero, so
the device cannot be driven at the frequency of vi. Closer
inspection of the full force equation in the left side of (1)
reveals that the device can still be driven to resonance by
a much weaker force generated by vi inputs at half the res-
onance frequency. However, with VP = 0 V, no current
is generated at the output electrodes, effectively rendering
the device dormant, or “off.” In effect, with VP = 0 V,
the device is an open circuit.

III. Device Design and Modeling

Having discussed basic qualitative operational aspects
of the EWGR, expressions governing the precise design of
this device are now in order. These include formulations
for resonance frequency, Q maximization, and lumped pa-
rameter equivalent mechanical and electrical circuits. Each
of these is now addressed.

A. Resonance Frequency Design

For the case where no voltages are applied (i.e., no dc-
bias VP ; purely mechanical resonance), the nominal reso-
nance frequency fo for an EWGR is given by [21]

fnom =
h

2π

√

E

ρ(1 − σ2)
, (3)

where ρ, σ, and E are the density, Poisson ratio, and
Young’s modulus, respectively, of the ring structural ma-
terial, and h is a parameter that satisfies

det[Hij ]4×4 = 0, (4)

where the elements of the matrix [Hij ]4×4 can be expressed
as (5) (see next page) where Rinner and Router are the
inner and outer radius of the ring, respectively, shown in
Fig. 1(b); h2/k2 = (1 − σ)/2, Jn(x) and Yn(x) are Bessel
functions of the first and second kind, respectively; and n
is the circumferential order of the mode shape (n = 2 for
the extensional wine-glass mode).

The resonance frequency of an EWGR is most accu-
rately specified via simultaneous solution of above com-
plicated set of expressions and matrices. But considering
the extensional wine-glass mode is comprised largely of
expansion and contraction about the ring width, which is
similar to the longitudinal vibration of a bar, for intuitive
purposes, the resonance frequency can be approximately
specified by

fnom|approx. =
m

2W

√

E

ρ
, m = 1, 3, 5, · · · , (6)
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H11 =
[

(kRouter)
2/2 − n(n + 1)

]

Jn(hRouter) + hRouterJn−1(hRouter)

H12 =
[

(kRouter)
2/2 − n(n + 1)

]

Yn(hRouter) + hRouterYn−1(hRouter)

H13 = n(n + 1)Jn(kRouter) − nkRouterJn−1(kRouter)

H14 = n(n + 1)Yn(kRouter) − nkRouterYn−1(kRouter)

H21 =
[

(kRinner)
2/2 − n(n + 1)

]

Jn(hRinner) + hRinnerJn−1(hRinner)

H22 =
[

(kRinner)
2/2 − n(n + 1)

]

Yn(hRinner) + hRinnerYn−1(hRinner)

H23 = n(n + 1)Jn(kRinner) − nkRinnerJn−1(kRinner)

H24 = n(n + 1)Yn(kRinner) − nkRinnerYn−1(kRinner)

H31 = nhRouterJn−1(hRouter) − n(n + 1)Jn(hRouter)

H32 = nhRouterYn−1(hRouter) − n(n + 1)Yn(hRouter)

H33 = −kRouterJn−1(kRouter) +
[

n(n + 1) − (kRouter)
2/2
]

Jn(kRouter)

H34 = −kRouterYn−1(kRouter) +
[

n(n + 1) − (kRouter)
2/2
]

Yn(kRouter)

H41 = nhRinnerJn−1(hRinner) − n(n + 1)Jn(hRinner)

H42 = nhRinnerYn−1(hRinner) − n(n + 1)Yn(hRinner)

H43 = −kRinnerJn−1(kRinner) +
[

n(n + 1) − (kRinner)
2/2
]

Jn(kRinner)

H44 = −kRinnerYn−1(kRinner) +
[

n(n + 1) − (kRinner)
2/2
]

Yn(kRinner)

(5)

where W = (Router − Rinner) is the ring width, shown in
Fig. 1(b), and m is the order of the vibration mode.

To design the resonator with specified resonance fre-
quency and ring outer radius Router, as well as material
constants of the ring structure, (6) is first used to find
the approximate inner ring radius Rinner, then simultane-
ous numerical solution of (3)–(5) is used to find the exact
Rinner using the value provided by (6) as an initial guess.
For example, for a 433-MHz resonator with an outer radius
of 40 µm, (6) gives an inner radius of 30.7 µm and (3) gives
h = 3.28 × 105 [1/m]. Plugging h and Router into (5) and
using Rinner = 30.7 µm as an initial guess, then solving (4)
by iteration, yields the inner radius Rinner = 30.5 µm.

B. Effect of Electrical Stiffness

Although (3)–(5) correctly model the purely mechan-
ical resonance behavior of the ring structure, they must
be modified when electrical inputs are used to excite its
resonance. In particular, when a dc-bias voltage VP is
dropped across an electrode-to-resonator gap, the electric
field variations caused by the oscillating structure during
resonance give rise to electrically derived restoring forces
in phase with the mechanical motion, hence, equivalent to
a stiffness—an electrical stiffness ke. The impact of ke can
be modeled by a procedure similar to that of [8], where its
effect on frequency can be expressed by

fo =
1

2π

√

kre

mre
=

1

2π

√

km − ke

mre

= fnom

[

1 −
〈

ke

km

〉]1/2

and

fnom =
1

2π

√

km

mre
=

h

2π

√

E

ρ(1 − σ2)
,

(7)

where mre and kre are the lumped equivalent mass and
stiffness of the resonator, whose expressions are given in
subsection D, km is the purely mechanical stiffness with
no voltages applied to the resonator, and the quantity
〈ke/km〉 must be obtained via integration over the an-
gle θ of the electrodes surrounding the ring. As shown in
(7), the electrical stiffnesses of all electrodes, regardless of
their position (inside or outside the ring), subtract from
the mechanical spring constant km of the ring, reducing
its resonance frequency.

The 〈ke/km〉 term in (7) can be determined by integrat-
ing differential contributions of electrical stiffness [22]

dkej = V 2
Pj

εoRrtdθ

(d(θ))3
, Rr = Rinner or Router (8)

over each electrode-to-resonator overlap region, to yield

〈

ke

km

〉

=
8
∑

j=1

⎡

⎢

⎣

θj2
∫

θj1

dkej

km(Rr , θ)

⎤

⎥

⎦
, Rr = Rinner or Router,

(9)

where km(Rr, θ) is the mechanical stiffness given in (14)
and θj1 and θj2 are the start and end angles of the jth
electrode in Fig. 1(b).

For UHF resonators such as disks [3] and the rings in
this work, km is usually on the order of 106 to 108 N/m,
while ke is only on the order of 102 to 103 N/m. Since the
km’s of ring resonators are orders of magnitude higher than
their ke’s, typical fractional frequency changes due to elec-
trical stiffness are only on the order of 1 to 100 ppm. In par-
ticular, for the 30.5 µm inner radius, 50 µm outer radius,
2-µm-thick 220-MHz EWGR of this work with VP = 5 V
and do = 53 nm, km = 15.4 MN/m and ke = 1206 N/m,
and (7)–(9) predict a fractional frequency shift of only
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Fig. 3. Schematic of an EWGR support beam, equating it to a beam
with simple-fixed boundary conditions.

18.5 ppm, which is close to the measured 20.4 ppm for
this device, c.f., Fig. 16(a). For the 1.5-GHz device of Sec-
tion V, the difference factor between km = 214 MN/m
and ke = 630 N/m is even larger, and the frequency shift
is only 0.5 ppm, which is practically negligible.

C. Support Beam Design

In the present design, the support beams are sized to
maximize the Q of the compound (2,2) extensional wine-
glass mode. In particular, although the support attach-
ment points correspond to nodes in the radial direction,
they are actually not rotational nodes, so in-plane rota-
tions still occur at these points. To isolate this rotational
motion from the anchors, the support beams are designed
to vibrate in a simple-fixed in-plane flexural mode, illus-
trated schematically in Fig. 3, at the extensional wine-glass
resonance frequency. Here, the fixed end condition at the
anchor is obvious, and the simple end condition at the at-
tachment point to the ring was verified via finite-element
analysis to provide a good fit to the rotational behavior
at that attachment point. This strategy is similar to the
use of quarter-wavelength supports for previous free-free
beam [23] and wine-glass disk [16] resonators, because it es-
sentially implements a mechanical transformer that trans-
forms the infinite mechanical impedance at the anchor to
near zero impedance at the ring attachment points, allow-
ing the ring to vibrate unimpeded, hence, with its maxi-
mum Q.

With these boundary conditions, the length of the sup-
port beam LS that achieves support resonance at fre-
quency fo is given by [24]

Ls =

√

√

√

√

λ2
i Ws

4π
√

3fo

√

E

ρ
, i = 1, 2, · · · , (10)

where WS is the width of the support beam, and λi satisfies

tanλi = tanhλi. (11)

An approximate solution to (11) is

λi = (4i + 1)
π

4
, i = 1, 2, · · · . (12)

Given the above formulations, the support beam for a
435-MHz EWGR (such as that summarized in Table I of
Section V) that yields maximum Q should have a length
of 4.6 µm and a width of 1.6 µm. For the 1.5-GHz EWGR
of Table I, the length and width dimensions should be
4.4 µm and 1.6 µm for maximum Q. The measurements of
Section V will later quantify the degree to which (10)–(12)
actually achieve maximum Q.

D. Small-Signal Electrical Equivalent Circuit

As with other vibrating resonators, the equivalent LCR
circuit for the EWGR is governed by the total integrated
kinetic energy in the resonator, by its mode shape, and
by parameters associated with its transducer ports [7].
Fig. 4(a) presents the complete equivalent circuit for the
8-port device of Fig. 1(b), where the core resonator is mod-
eled by a series LCR tank, and all eight of its ports are
represented by transformers. Each top terminal of the eight
ports corresponds to an electrode, while the bottom ter-
minals are all tied to a common port representing the ring
resonator itself. The values of the LCR elements in the
circuit of Fig. 4(a) depend directly on the mass mr, stiff-
ness kr, and damping cr, of the resonator, and are given
by [7]

lx = mre, cx = 1/kre, rx = cre, (13)

where mre, kre, and cre, are the lumped equivalent mass,
stiffness, and damping, respectively, of the ring at loca-
tions where the displacement (or velocity) is maximum.
(Expressions for all of these variables will be forthcom-
ing.) For the device of Fig. 1(b), these locations are at the
midpoints of the electrodes.

The equivalent mass mr(r, θ) at a location (r, θ) can be
obtained by dividing the total kinetic energy of the ring
by one-half the square of the velocity at that location [7].
Doing so for the case of a location (Rinner, θ) or (Router, θ)
on either the inner or outer perimeter of the ring yields the
following expressions for the equivalent mass and stiffness:

mr(Rr, θ) =

ρt

Router
∫

Rinner

2π
∫

0

(

[Ur(r, θ)]
2

+ [Uθ(r, θ)]
2
)

rdrdθ

[Ur(Rr, θ)]
2

+ [Uθ(Rr, θ)]
2

,

km(Rr, θ) = ω2
nommr(Rr, θ), and

kr(Rr, θ) = ω2
omr(Rr, θ),

(14)

where ωo and ωnom are the radian forms of fo and fnom,
respectively. In (14), Ur(r, θ) and Uθ(r, θ) are the radial
and tangential displacements of the ring, given by [21]
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Fig. 4. (a) Complete equivalent circuit model for the EWGR, showing
eight ports total (four inner and four outer electrodes); (b) physically

consistent equivalent circuit model using actual values of mass, stiff-
ness and damping for elements in a two-port configuration when all
four input and output ports are connected together, respectively;
and (c) transformer-less electrical circuit model obtained by reduc-
tion of (b).

Ur(r, θ) =
1

h
cos(2θ)

[

dJn(hr)

dr
+

B

A

dYn(hr)

dr

+
2

r
·
(

C

A
Jn(kr) +

D

A
Yn(kr)

)]

and

Uθ(r, θ) = − 1

h
sin(2θ)

[

2

r
·
(

Jn(hr) +
B

A
Yn(hr)

)

+
C

A

dJn(kr)

dr
+

D

A

dYn(kr)

dr

]

(15)

where constants B/A, C/A, and D/A can be obtained by
solving the expression

[Hij ]4×4
[A B C D]

T
= 0. (16)

The equivalent damping at locations on the ring edges
can then be expressed in terms of mass, stiffness, and Q,
as follows:

cr(Rr, θ) =
ωomr(Rr, θ)

Q
=

√

kr(Rr, θ) · mr(Rr, θ)

Q
.
(17)

When evaluated at θ = 0, which is a maximum velocity
point, expressions for mre, kre, and cre become

mre = mr(Rr, 0), kre = kr(Rr, 0),

cre =

√
kremre

Q
, where

Rr = Rinner or Router.

(18)

The electromechanical coupling coefficient ηej charac-
terizing the jth port of the resonator corresponding to the
jth electrode in Fig. 1(b) can be determined using a pro-
cedure similar to that in [8] and [25]. Doing so yields

ηej = VPj ·
〈

∂Cj

∂r

〉

, (19)

where

〈

∂Cj

∂r

〉

=

⎛

⎜

⎜

⎜

⎜

⎝

∫ θ2

θ1

∫ θ2

θ1

{

2(εot)
2

[d(θ)d(θ′)]2
· cos 2θ

cos 2θ′
·kr(Rinner, 0)·

[

R2
inner

kr(Rinner, θ′)
+

RinnerRouter/b

kr(Router, θ′)

]}

dθdθ′

⎞

⎟

⎟

⎟

⎟

⎠

1
2

j = 2, 4, 6 and 8 (20)

and

〈

∂Cj

∂r

〉

=

⎛

⎜

⎜

⎜

⎜

⎝

∫ θ2

θ1

∫ θ2

θ1

{

2(εot)
2

[d(θ)d(θ′)]2
· cos 2θ

cos 2θ′
·kr(Router, 0)·

[

R2
outer

kr(Router, θ′)
+

bRinnerRouter

kr(Rinner, θ′)

]}

dθdθ′

⎞

⎟

⎟

⎟

⎟

⎠

1
2

j = 1, 3, 5 and 7. (21)

In (20) and (21), t is the thickness of the ring; εo is the per-
mittivity in vacuum; ωo is the radian resonance frequency;
d(θ) is the electrode-to-resonator gap spacing, which can
vary with θ due to the imbalance of electrostatic forces
generated by the dc-biases applied between the ring and
its inner and outer electrodes; Q is the quality factor;
VPj = VP − Vj is the dc-bias voltage across the resonator-
to-electrode gap; θ1 and θ2 are the start and end angles
of one pair of the inner and outer output electrodes in the
polar coordinate system as indicated in Fig. 5; and b is the
ratio of displacement at the outer and inner ring perime-
ter at a given angle. The brackets around the 〈∂Cj/∂r〉
terms in (19)–(21) are there to emphasize that these are
integrated quantities that include the dependence of dis-
placement on the ring mode shape during resonance.

The Co’s in each circuit of Fig. 4 represent the static
electrode-to-resonator overlap capacitance, which is on the
order of 50 fF for a typical quarter-circle electrode on a
a 31.8-µm inner radius, 40-µm outer radius, 2-µm-thick
1.52-GHz EWGR.
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Fig. 5. Top-view schematic of the EWGR used to determine analyt-
ical expressions for electrical equivalent circuit elements. Here, the
resonator itself, its eight electrodes, and variables used in (20) and
(21), are all indicated; Ur(Rr , θ) is the radial displacement at the
ring perimeter; and four horizontal electrodes are connected as in-
put electrodes, and four vertical electrodes are connected as output
electrodes.

When four of the eight electrodes are connected to-
gether as an input port (ports 1–4) and the other four
connected as an output port (ports 5–8), respectively, as
shown in the two-port configuration in Fig. 1(b), Fig. 4(a)
reduces to the simplified two-port equivalent circuit shown
in Fig. 4(b) and (c) with element values given by

Rx =
cre

η2
e

, Cx =
η2

e

kre
, Lx =

mre

η2
e

, (22)

where ηe is now the total electromechanical coupling co-
efficient of the composite input (or output) port. For the
particular hookup of Fig. 1(b), where all inner ports are
identically sized, and all outer ports likewise, ηe is given by

ηe =

√

2η2
e,inner + 2η2

e,outer · mr(Rinner, 0)

mr(Router, 0)
,

(23)

when cre in (22) is taken at the inner perimeter, or

ηe =

√

2η2
e,inner · mr(Router, 0)

mr(Rinner, 0)
+ 2η2

e,outer,
(24)

when cre in (22) is taken at the outer perimeter. In (23)
and (24), ηe,inner and ηe,outer are the electromechanical
coupling factors for a single inner port and a single outer
port, respectively, of Fig. 1(b), given by the expression
for ηej in (19). The input and output shunt capacitors
(neglecting the electrode-to-substrate capacitance which is
usually much smaller than the electrode-to-resonator over-
lap capacitance) combine those of the individual electrodes
to yield

Co = 2(Cinner + Couter), (25)

Fig. 6. Predicted curves of motional resistance versus (second mode)
resonance frequency using (22) and (27) for EWGRs with different
inner and outer radii.

where Cinner and Couter are the single port inner and single
port outer electrode-to-resonator shunt capacitors, respec-
tively, given by

Cinner = εoRinner(θ2 − θ1)t/do, and

Couter = εoRouter(θ2 − θ1)t/do.
(26)

The above formulations, although very accurate (as will
be verified in Section V), are quite complex and, thus,
do not readily provide the design insights that a simpler
formulation might allow. Pursuant to providing a more
manageable expression that enables some design insight,
the motional resistance Rx in (22) can be simplified by
neglecting the distributed mass and stiffness of the ring
over the electrode overlap regions and assuming that all
electrodes are at dc ground, which yields

Rx =
ωomre

QV 2
P

· d4
o

ε2
oP

2
oet

2
, (27)

where Poe = 2(Router + Rinner)(θ2 − θ1) is the average
overlap perimeter.

Fig. 6 shows the predicted curves of motional resistance
versus (second mode) resonance frequency using (22) and
(27) for a series of resonators with varying outer radii
Router. As seen, the motional resistance calculated from
(27) is smaller than that from (22), since the former ne-
glects the actual distributed stiffness of the ring [8]. Values
provided by (27), however, are useful as a rough estimate of
the motional resistance, and they clearly mimic the trends
predicted by (22), which verifies the utility of (27) for de-
sign insight. From (27), the series motional resistance of
this device can be tailored by changing the adjustable pa-
rameters, such as the electrode-to-resonator gap spacing
do, for which there is a very strong fourth order depen-
dence; the dc-bias voltage VP , for which there is a square
law dependence; the thickness t, for which the dependence
ends up being relatively linear, despite the square law in-
dicated by (27), due to the equivalent mass mre depen-
dence on t; and finally, the average overlap perimeter Poe

of the ring, for which the dependence is also more linear
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than the square law indicated in (27), again due to the
implicit equivalent mass mre dependence on Rinner and
Router in (14). Fig. 7 shows plots of motional resistance
versus several of the above parameters for a 900-MHz res-
onator, indicating the design parameters needed to achieve
10 Ω impedance, which would be needed to achieve a filter
matched to 50 Ω with decent insertion loss.

Due to its use of an extensional mode, the frequency
of an EWGR is determined primarily by the width of its
ring, and not by its radius. Thus, the perimeter of the de-
vice can be made arbitrarily large by increasing its aver-
age radius to maximize its transducer capacitance, hence,
drive down its series motional resistance Rx. Section V will
present actual measurements verifying this design strat-
egy. In addition, since the frequency of this device is de-
termined primarily by its lateral dimensions, which are
set by CAD layout, this device easily supports multiple
frequencies on a single chip without the need for multiple
film depositions. In contrast, counterparts with frequencies
determined only by thickness [e.g., thin-film bulk acoustic
resonators (FBARs)] require an additional film deposition
for each additional frequency. For future multi-band wire-
less communication devices that might require more than
ten different RF filters to address multiple communication
standards, filters realized using a resonator with thickness-
defined frequency might require ten different film deposi-
tions, at which point it might very likely be less expen-
sive to implement each filter separately, rather than on a
single-chip. In contrast, the lateral dimension-defined fre-
quency of the EWGR device of this work allows realization
of ten different frequencies with a single film deposition
and frequencies defined by CAD layout, which are all very
amenable to single-chip implementation, with obvious cost
advantages.

IV. Fabrication

Extensional wine-glass resonators with frequencies
ranging from 200 MHz to more than 1.5 GHz were de-
signed and fabricated using the self-aligned stem pro-
cess described in [3], which combines polysilicon surface-
micromachining with a sacrificial sidewall spacer technique
to achieve phosphorus-doped polysilicon structures with
polysilicon side electrodes, and with nano-scale electrode-
to-resonator lateral gaps. Fig. 8 presents cross sections for
a finished EWGR taken through the A-A′ and B-B′ lines
indicated in Fig. 1(b). Since these rings are edge-supported
devices, rather than center-supported (as are the disks of
[1], [3]), the self-alignment feature of this process is actu-
ally not necessary. Rather, a simpler process, such as that
of [26], or a polysilicon electrode derivative of it, should
suffice. In this respect, EWGR devices arguably might
have a cost advantage over center-stem-supported disks.

Fig. 9 presents scanning electron micrographs (and di-
mensions) for 435-MHz and 651-MHz EWGRs, as well as a
zoom-in shot clearly showing the 85 nm lateral electrode-
to-resonator gap achieved via the fabrication process. As

Fig. 7. Predicted curves of motional resistance versus (a) gap spacing;
(b) dc-bias; (c) ring thickness; and (d) ring outer radius, showing
methods by which an impedance of 10Ω might be achieved.
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Fig. 8. Cross sections for a finished EWGR along the A-A′ and B-B′

planes in Fig. 1(b).

Fig. 9. Scanning electron micrographs of fabricated EWGRs: (a) 435-
MHz device; (b) 651-MHz device with only outer electrodes.

with earlier disk resonators, the yield-limiting step of this
process centers around the clearing of the tiny lateral gaps
during the final sacrificial hydrofluoric acid release step.
The yield of operational devices was close to 85% in the
University of Michigan Nanofabrication Facility.

V. Experimental Results

Table I summarizes the designs, models, and measure-
ments for the EWGR devices demonstrated in this work.
The devices range in frequency from 200 MHz to more
than 1.5 GHz.

A 220-MHz device and the 435- and 651-MHz devices
of Fig. 9(a) and (b) were tested under controlled pressures

Fig. 10. Schematic illustrating the mixing measurement scheme,
showing detailed connections for input excitation and output mea-
surement instrumentation.

using a custom-built chamber with an electrical hook-up
similar to Fig. 1(b), but modified for actual measurement
to allow the mixing approach described in [25], [26], which
greatly enhances the detectable output current relative
to potentially troublesome feedthrough parasitics. In this
mixing approach shown in Fig. 10, a local oscillator signal
added to the dc-bias VP uses capacitive transducer non-
linearity to separate motional currents from feedthrough
parasitics in the frequency domain. No effort was made to
impedance-match devices to the measuring spectrum an-
alyzer. This helped to preserve true mechanical Q values,
but at the cost of measurement mismatch loss. Of course,
measurement mismatch loss should not be misinterpreted
as insertion loss; indeed, if these resonators or filters con-
structed of them were properly terminated, it should be
clear that their very high Q’s will lead to very small inser-
tion losses, as demonstrated in [8] and [27].

Fig. 11(a) and (b) present frequency characteristics for
the 220-MHz device and the 435-MHz device of Fig. 9(a)
measured under 200 µTorr vacuum, showing Q’s of 7,700
and 6,500, respectively. Fig. 11(c) presents, on the same
plot, spectra measured for the 651-MHz resonator of
Fig. 9(b) under vacuum and air using only one set of elec-
trode quarters (i.e., drive port 1, sense from port 5); and
under vacuum again, but this time using all electrodes
(i.e., 1 and 3 for driving, 5 and 7 for sensing). The sin-
gle electrode-quarter measurements exhibit very similar
Q’s of 4,650 and 4,550 in vacuum and air, respectively,
thereby further demonstrating over the work of [1] that
high stiffness, high frequency micromechanical resonators
do not require vacuum to attain high Q. The measurement
in vacuum using the additional electrode-quarters exhibits
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TABLE I

Extensional Wine-Glass Ring Resonator Design and Performance Summary.

Designed Frequency (3)–(5) Unit
Parameter Source 209.96 425.3 634.6 1209.5 1519.1 MHz

Ring outer radius∗, Router layout 50 (50 − 0.47) 42.3 (42.3 − 0.12) 28.2 (28.2 − 0.08) 22.2 (22.2 − 0.01) 40 (40 − 0.01) µm

Ring inner radius∗, Rinner layout 30.5 (30.5 + 0.47) 32.6 (32.6 + 0.12) 21.7 (21.7 + 0.08) 11.8 (22.2 + 0.01) 31.8 (31.8 + 0.01) µm

Ring thickness∗, t layout 2.0 2.0 2.0 (2.1) 2.0 2.0 µm

Electrode angle, θ2 = −θ1 outer layout 38.2 37.2 35.8 27.6 36.5 deg.
inner layout 32.7 27.4 — — 34.2 deg.

Support beam length, Ls layout 6.6 4.6 3.8 2.8 4.4 µm

Support beam width, Ws layout 1.6 1.6 1.6 1.6 1.6 µm

Electrode-to-resonator gap∗, do measured 63 85 (87) 85 (83) 85 63 nm

FEM-simulated resonance freq., fo FEM 210.6 426.8 638.9 1220.2 1542.5 MHz

Measured resonance freq., fo measured 220.8 435.8 651.1 1212.1 1522.9 MHz

Quality factor, Q measured 7,700 6,500 4,700 3,700 3,000 —

DC-bias, VP measured 15 4 10 20 5 V

RF input amplitude, vRF measured 0.316 1 1 1.78 0.56 V

LO carrier amplitude, vLO measured 10 4 10 10 5 V

Measured output power, Po measured −54.8 −79.1 −77.0 −84.0 −85 dBm

Measured output current, io measured 11.5 0.7 0.89 0.4 0.34 µA

Resonator mass, mre (18) 8.01 × 10−12 3.01 × 10−12 1.44 × 10−12 1.786 × 10−12 2.34 × 10−12 kg

Resonator stiffness, kre (18) 1.54 × 107 2.30 × 107 2.40 × 107 1.04 × 108 2.14 × 108 N/m

Damping coefficient, cre (18) 1.44 × 10−6 1.84 × 10−6 1.25 × 10−6 3.68 × 10−6 8.00 × 10−6 kg/s

Motional resistance, Rx (22) 9.83 701.0 575.9 1148 787.5 kΩ
(27) 7.84 497.7 347.7 836.8 508.4
measured 9.16 712.8 559.7 1114 791.6

Inductance, Lx (22) 0.0546 1.664 0.6617 0.5577 0.2304 H
measured 0.0508 1.692 0.6431 0.5412 0.2316

Capacitance, Cx (22) 0.952 × 10−17 8.016 × 10−20 9.031 × 10−20 3.092 × 10−20 4.740 × 10−20 F

measured 1.022 × 10−17 7.883 × 10−20 9.293 × 10−20 3.185 × 10−20 4.715 × 10−20

∗Numbers in () indicate adjusted values needed to match simulated quantities to measured ones (resonance frequency and motional resistance).
∗∗For polysilicon material, ρ = 2.3 × 103 kg/m3; σ = 0.226; E = 150 × 109 Pa.

a 10 dB larger transmission power than its single electrode-
quarter counterpart, showing the expected increase in out-
put power with more electrodes. The motional resistance
extracted from the data of Fig. 11, using the procedures
in [3], is ∼560 kΩ, which is substantially lower than the
4 MΩ previously measured for a 733-MHz disk resonator
with a radius of 10 µm [3], proving the Rx-lowering ability
of this design.

To verify the formulations of Section III, the predicted
frequency characteristics for the EWGRs of Fig. 11 were
simulated using the equivalent circuit elements summa-
rized in Table I, which were determined using the formula-
tions of Section III with parameter adjustments (indicated
in parentheses in the table) made to match the measured
curves. These predicted curves are also plotted in Fig. 11
alongside the corresponding actual data. Here, the magni-
tude of the parameter adjustments (e.g., inner and outer
radii) needed to match theory to the actual measurements
are quite small, bolstering confidence in the accuracy of
Section III’s formulations.

A. GHz Frequencies

Via use of higher extensional wine-glass modes, GHz fre-
quencies were also achieved. Fig. 12 presents the frequency
characteristic for a 1.2-GHz, 4th-mode EWGR measured
in vacuum. (The 4th mode exhibits a similar deformed ring
outline as the 2nd mode of Fig. 2(a), but with more nodal
circles inside the ring.) The motional resistance extracted
from the data of Fig. 12 is 1.1 MΩ, which is 2.2 times lower
than the 2.4 MΩ previously measured for a 1.156-GHz disk
resonator with a radius of 10 µm [3], again demonstrating
the Rx-lowering ability of this design. And again, the mea-

sured value of motional resistance matches those that were
obtained via the formulation of Section III, as indicated by
the closely matched theoretical curve, simulated using the
circuit summarized in Table I and plotted alongside the
measured data in Fig. 12. Fig. 13 presents the measured
frequency characteristic for a 1.52-GHz, 4th-mode EWGR
in vacuum with a Q of 2,800. This represents the high-
est frequency to date measured for polysilicon resonator
devices. Again, Table I summarizes each of the measured
designs.

B. Tailoring Series Motional Resistance

To demonstrate the degree to which the EWGR al-
lows tailoring of the series motional resistance Rx, Fig. 14
presents measured frequency characteristics for two 510-
MHz EWGRs with different ring radius. As seen, the larger
ring with an outer radius of 100 µm has an Rx of 122 kΩ,
which is 10 times smaller than the 1.18 MΩ measured for
the smaller ring with an outer radius of 31.1 µm. The re-
duction of the Rx matches theory and results from both a
larger sensing area and a slightly higher quality factor Q,
c.f., (27).

C. Influence of Support Beam Design

To verify the dependence of extensional wine-glass fre-
quency and Q on the design of its supports, a 460-MHz
EWGR was purposely designed to have much shorter sup-
port beams than those dictated by the design formula-
tions of Section III, with a length of 2.5 µm instead of the
4.46 µm governed by (10) and (11). Fig. 15 presents the
measured frequency characteristic for both cases plotted
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Fig. 11. Frequency characteristics for EWGRs: (a) 220.8-MHz res-
onator; (b) 435.8-MHz resonator of Fig. 9(a); (c), (d), and (e) 651-
MHz resonator of Fig. 9(b). The dark curves are measured and
the light curves are theoretically predicted using the corresponding
equivalent circuits summarized in Table I, which were themselves
generated to match measurement using the small adjustments indi-
cated in parentheses in Table I.

Fig. 12. Measured frequency spectrum for a 1.21-GHz, 4th-mode
EWGR. The dark curve is measured and the light curve is theoret-
ically predicted using the corresponding equivalent circuit summa-
rized in Table I, which was itself generated to match measurement
using the small adjustments indicated in parentheses in Table I.

Fig. 13. Measured frequency spectrum for a 1.52-GHz, 4th-mode
EWGR. The dark curve is measured and the light curve is theoret-
ically predicted using the corresponding equivalent circuit summa-
rized in Table I, which was itself generated to match measurement
using the small adjustments indicated in parentheses in Table I.

Fig. 14. Measured frequency characteristics for 510-MHz EWGRs
with different inner and outer radii. The left spectrum corresponds
to a large ring and the right spectrum to a small ring.

Fig. 15. Measured frequency spectra illustrating the variation of Q

with support beam length.
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Fig. 16. Simulated and measured resonator parameters versus dc-
bias VP for a 221-MHz EWGR: (a) fractional frequency change; and
(b) motional resistance Rx and Q.

on the same graph. Here, the ring with properly designed
supports resonates at the desired 435 MHz frequency and
exhibits a Q of 6,500; hereas the short-support beam coun-
terpart resonates at 460 MHz and exhibits a Q of only
4,190, which is lower than with the properly designed sup-
port beam, but still acceptable. To bolster the confidence
of these Q values, two more resonators of each kind were
also measured, each performing similarly to that of the
Fig. 15 devices, with all three properly supported devices
having an average Q of 6,561, and all three short-support
devices an average Q of only 4,296. This result agrees with
that seen in [28], where quarter-wavelength supports for
free-free beams were seen to maximize Q, but were not
necessary to achieve high Q’s > 10,000.

D. Frequency, Rx, and Q Versus DC-Bias VP

To verify the influence of the electrical stiffness ke dis-
cussed in Section III, the shift of resonance frequency was
measured at different dc-bias VP ’s for a 221-MHz EWGR.
Fig. 16(a) presents measured and theoretically predicted
plots of fractional frequency change versus dc-bias VP ,
showing a 130-ppm frequency shift over a VP range of
13 V. Although extended frequency tunability might be
achievable with an even smaller gap spacing do, the range
of frequency tuning via VP is quite small, as predicted in
Section III.

Fig. 17. Measured fractional frequency change versus temperature
for a 2nd-mode, 429-MHz EWGR.

Besides the resonance frequency change, (22) and (27)
predict a strong dependence of the motional resistance Rx

on the dc-bias VP . Fig. 16(b) presents a measured curve of
Rx versus VP for the 221-MHz device, showing a dramatic
decrease of Rx from hundreds of kΩs to less than 5 kΩ as
the dc-bias VP increases from 1 V to 13 V—a very strong
dependence, indeed.

Fig. 16(b) also plots Q versus VP , showing a slight Q
degradation with an increase in dc-bias, in which is ex-
pected because a dc-bias shift causes a shift in total stiff-
ness kre, and Q = kre/(ωocre). It should be noted that
the higher-than-average Q for this device (i.e., more than
10,000 here versus 7,700 for the 220-MHz device in Table I)
is a result of thinner support beams caused by undercut
in the final over-etch step (polysilicon electrode definition)
in the fabrication of this device.

E. Temperature Dependence

Fig. 17 presents a measured plot of fractional frequency
change versus temperature for a 429-MHz EWGR oper-
ated in its 2nd mode. The uncompensated temperature
coefficient of −11.2 ppm/◦C is somewhat better than the
temperature coefficient exhibited by previous polysilicon
resonator designs [1], [16]. In addition, the curve is linear
and monotonically decreasing with temperature, making
it more amenable to circuit-based compensation than the
quadratic dependency often exhibited by quartz crystal
counterparts.

VI. Spurious Modes and Their Suppression

Unfortunately, although capable of achieving lower
impedance than solid disk resonators [1], the EWGR and a
later radial-mode “hollow-disk” ring introduced in [2] both
suffer from the presence of other bulk resonance modes
close to their own intended resonances. The close proxim-
ity of these “spurious” modes is no surprise because they
derive from the same set of equations that govern the “de-
sired” extensional wine-glass (EWG) mode. Eqs. (3)–(5)
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Fig. 18. ANSYS simulated mode shapes of a ring resonator with an
inner radius of 32.4 µm and an outer radius of 42.3 µm. Here, (b) is
the desired mode, while (a)(c)(d) are spurious.

are in fact a universal set of equations for the resonance
frequency of in-plane vibrations of ring shaped resonators.
In particular, each possible ring resonance mode is repre-
sented by the circumferential number n in (5), which when
equal to 2, defines the extensional wine-glass mode of this
work; but when equal to 0, defines the hollow-disk mode of
[2]. In general, the higher n becomes, i.e., the farther away
from 0 or 2, the farther away the resonance frequency of its
corresponding mode from the n = 0 and n = 2 modes.
To limit the present discussion to local modes, only the
n = 1 and n = 4 modes are examined in depth here.
Setting the circumferential number n in (5) to 0, 1, and 4,
respectively; plugging in the values of Rinner and Router for
n = 2 (i.e., for the compound (2,2) or “extensional wine-
glass” mode); then solving (3) and (4), yields the resonance
frequency fo corresponding to n = 0 (i.e., the compound
(0,2) or “hollow-disk” mode), n = 1 (i.e., the compound
(1,2) or “eccentric ring” mode), and n = 4 (i.e., the com-
pound (4,2) or “square” mode). Fig. 18(a), (c), and (d)
depict each of these troublesome lateral spurious modes,
with theoretically predicted frequencies as close as 3 MHz
to the intended 415 MHz extensional wine-glass frequency
for a ring with an inner radius Rinner of 32.4 µm and an
outer radius Router of 42.3 µm.

To make matters worse, the separation between in-
tended and spurious modes becomes even smaller as the
ring radius increases—a condition that seems to under-
mine the radius-dependent impedance advantage of a ring
structure. For example, (3)–(5) predict that for an even
larger ring with an outer radius of 100 µm, the extensional
wine-glass and radial modes are only 0.7 MHz apart—
quite problematic if large ring radius is to be used to re-
duce device impedance. Fig. 19 presents a simulated plot
identifying the different modes predicted by (3)–(5) at fre-
quency locations in close proximity to the desired exten-
sional wine-glass mode of this work.

Perhaps the best defense against the above problem is
to eliminate the undesired modes from the outset. This
work attempts to do so by: 1) designing resonator sup-

Fig. 19. Simulated plot showing the frequencies of different modes
close to the extensional wine-glass mode (n = 2).

ports to suppress spurious modes; 2) applying forces that
accentuate the desired mode shape (in this case, the exten-
sional wine-glass mode shape) while opposing the shapes of
other modes; and 3) using a detection scheme that cancels
the motional currents of undesired modes. Each of these
strategies is now described.

A. Mechanical Mode Suppression (Mode Damping)

As has been shown numerous times, the Q of any
high-stiffness, high-frequency resonator is a strong func-
tion of the energy per cycle lost through its supports
and anchors. Indeed, the micromechanical resonators that
presently hold frequency-Q product records at VHF and
UHF all do so via isolating support designs that suppress
anchor losses [1], [2], [16], [23]. Here, quarter-wavelength
support design is often used to reflect energy attempting
to escape the resonator through its anchors back into the
resonator, allowing the device to operate with its maxi-
mum energy per cycle, hence, maximum Q. The opposite
approach is also possible, where supports are designed to
realize low impedance conduits through which energy from
unwanted mode shapes can escape through anchors, lower-
ing the Q’s of these modes, and thereby suppressing them.
Clearly, support design to minimize anchor losses for the
desired mode, while maximizing such losses for other mode
shapes, constitutes one of the more effective approaches to
selecting a desired mode while suppressing others.

The design of Fig. 1(b) does just this by attaching its
support tethers to the quasi-nodal points of the EWGR
and suppressing unwanted modes by physically attenuat-
ing their motions. The degree to which other modes can
be attenuated depends on how rigid the tethers appear to
their specific motions at their specific frequencies. For ex-
ample, mode (a) is attenuated the most by the support
design of Fig. 1(b) because the tether attachment loca-
tions actually correspond to its anti-nodes (i.e., its points
of maximum displacement). This mode, in fact, is not even
measurable in any of the plots to be presented in Fig. 23.
From Fig. 18, modes (c) and (d) have mode shapes that,
again, oppose the support structure, but to a lesser degree
than mode (a).
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Mode (d), the radial mode, will be most strongly sup-
pressed if the support beams have very small lengths (e.g.,
less than 1/8-wavelength) or lengths corresponding to an
extensional half-wavelength at the radial-mode resonance
frequency. In the present design, the support beams are
sized to accentuate the extensional wine-glass mode (as
opposed to attenuate the radial mode). In particular, as
mentioned in Section III, although the support attachment
points correspond to extensional wine-glass nodes in the
radial direction, they are actually not rotational nodes, so
rotations still occur at these points. To isolate this rota-
tional motion from the anchors, the support beams are
designed to vibrate in a simple-fixed flexural mode at the
extensional wine-glass resonance frequency. At 415 MHz,
this entails a support beam length and width of 4.2 µm
and 1.3 µm, respectively. At the 419.1-MHz radial mode
resonance frequency, these dimensions correspond to an
extensional-mode λ/5—not the half-wavelength required
to suppress the radial mode completely, but still enough
to provide some attenuation.

In the meantime, the support configuration of Fig. 1(b)
attenuates mode (c) even less than it does (d). In particu-
lar, although mode (c)’s radial displacements are opposed
somewhat by the support tethers, its rotational displace-
ments are not opposed as strongly because these rotations
are not dissimilar to those of the extensional wine-glass
mode. Thus, mode (c) must be attenuated by some other
means.

B. Electrical Mode Suppression

In addition to mechanical damping, electrical means for
mode selection are also available. In particular, the phas-
ings between drive electrodes and positioning/biasing of
sense electrodes can accentuate one mode while suppress-
ing others. To illustrate, Fig. 20 contrasts three differ-
ent excitation/detection schemes for the extensional wine-
glass mode in order of increasing ability to suppress spu-
rious modes.

The configuration of Fig. 20(a) drives via the y-axis
electrodes and senses along the x-axis electrodes. This re-
sults in drive forces phase-consistent with all modes of
Fig. 18 so this electrode configuration makes no attempt to
suppress undesired modes by force tailoring. It, however,
does suppress modes (a) and (c) via a sense electrode con-
figuration that cancels their motional currents. In particu-
lar, the symmetry of mode (a)’s shape leads to a total ca-
pacitance along each sense electrode that remains approx-
imately constant as the ring vibrates, making dC/dt ∼ 0,
for which the output current is zero according to (2). Fur-
thermore, the mode shape of (c) is such that when a pos-
itive dC/dt is generated at the left electrode, an approxi-
mately equal but negative dC/dt ensues at the right side,
creating equal and opposite motional currents given by (2)
that cancel when combined at the sense terminal. The only
modes that remain unscathed under this electrode-sensing
configuration are those for which the dC/dt’s over the left
and right sense electrodes remain finite and identical at

Fig. 20. Excitation/detection scheme: (a) traditional two-port; (b) or-
thogonal asymmetric differential drive; (c) orthogonal differential
drive, common-mode one-port sense, where the output is taken from
the structure itself.

all times, creating a condition where currents from each
electrode add at the sense terminal. Fortunately, this in-
cludes the desired extensional wine-glass mode shape of
Fig. 18(b). Unfortunately, it also includes the unwanted
radial mode (d).

To suppress mode (d), the configuration of Fig. 20(b)
uses an orthogonal differential input, with +vi applied to
the y-axis electrodes, and −vi to the left side x-axis elec-
trode, to tailor its force phasings so that they oppose some
or all of the displacement directions of modes (a) and (d),
thereby suppressing them. Unfortunately, with the right
side x-axis electrode used for sensing, the x-axis −vi drive
component is not fully symmetric, so it does little to sup-
press mode (c). Furthermore, the right side x-axis sense
electrode in Fig. 20(b) does nothing to cancel mode (c)’s
motional current.

To remedy this problem, the (one-port) scheme of
Fig. 20(c) achieves an orthogonal fully differential forc-
ing and sensing configuration by applying +VP + vi to
the y-axis electrodes, −VP + vi to the x-axis electrodes,
and using the ring itself as the current output port (which
normally makes it an effective ac ground). With this VP

configuration, according to the excitation force expression
(1), y-axis electrodes generate forces that have the same
amplitude but opposite directions (inward and outward,
respectively) as those generated by the (orthogonal) x-axis
electrodes, effectively imparting an alternative pulling or
compression on the ring. In effect, a differential force act-
ing along orthogonal axes is attained using a single phase
vi and a ±VP . This orthogonal, fully differential-forcing
configuration now suppresses all spurious modes (a)(c)(d),
while accentuating the extensional wine-glass mode. The
scheme of Fig. 20(c) not only attenuates via drive force tai-
loring, but also further suppresses spurious modes via its
one-port common-mode sensing configuration. Here, the
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Fig. 21. Schematic of a coupled two-resonator EWGR filter, illustrat-
ing differential input/output and bias electrode configurations.

output current is sensed directly off the ring, and ±VP ’s
are used to cancel the output currents of any y-axis asym-
metric mode shape, such as mode (c), while preserving
those of the extensional wine-glass mode.

It should be noted that when used in an actual, fully dif-
ferential application, such as the filter in [27], a common-
mode sense output is generally not needed. Rather, as
shown in the example ring filter circuit of Fig. 21, an or-
thogonal differential drive and sense can be used, where
+vi and −vi are applied along orthogonal axes at the input
port, VP is directly applied to the resonator, and the out-
put is taken differentially using the orthogonal electrodes
of the output resonator.

C. Measured Verification of Mode Suppression

To evaluate the efficacy of the described spurious mode-
suppression techniques, each technique was applied to a
fabricated 415-MHz EWGR, and measurements were made
under vacuum using the previously described custom-built
vacuum chamber. To facilitate output current detection,
the configurations of Fig. 20(a)–(c) were modified for ac-
tual measurement to allow the mixing measurement ap-
proach described in [25], [26], which greatly enhances the
detectable output current relative to potentially trouble-
some feedthrough parasitics. In this mixing approach, a
local oscillator signal vLO added to the dc-bias VP uses ca-
pacitive transducer nonlinearity to allow excitation of the
resonator via an out-of-band input signal vRF . In particu-
lar, when the electrical signal (VP + vRF + vLO) is applied
across an electrode-to-resonator gap, nonlinear mixing of
the two electrical signals vRF and vLO gives rise to a force
component

Fmix = −1

2
VRF VLO · ∂Cj

∂r
cos [(ωRF ± ωLO)t] ,

(28)

where ωRF and ωLO are the radian frequencies, and VRF

and VLO are the amplitudes, of vRF and vLO, respectively;
and where Fmix becomes an in-band component capable of
driving the resonator into resonance when (ωRF −ωLO) or
(ωRF + ωLO) is equal to the resonance frequency ωo. By
exciting the device with inputs that are all out-of-band,
this mixing measurement method effectively separates the
input excitation signal (and its associated feedthrough
parasitics) from in-band output motional currents in the

Fig. 22. Mixing measurement setups for each setup in Fig. 20.

frequency domain, allowing interference-free detection. It
should be noted that although the dc-bias VP does not ap-
pear in the above force (28), it is still needed if the output
current given by (2) is to be sensed at the device resonance
frequency.

Fig. 22 presents the mixing-based configurations corre-
sponding to each of the configurations in Fig. 20(a)–(c). In
each of these, the VP in the Fig. 20 version can merely be
replaced with vLO +VP , and the vi by vRF , while retaining
all signs, i.e., −VP is replaced by −(vLO + VP ). But note
that in Fig. 22(c), although vRF − (vLO + VP ) would have
worked just fine for the left-hand side electrode, the minus
sign has been switched from vLO to vRF (which retains
the same phasings) for ease of actual implementation.

Fig. 23(a)–(c) present frequency spectra measured us-
ing the corresponding lettered configuration in Fig. 22.
As predicted, the traditional two-port configuration of
Fig. 22(a) excites and senses the extensional wine-glass
mode of Fig. 18(b), while suppressing completely all other
modes, except for the radial mode of Fig. 18(d), which is
still seen but suppressed somewhat by the support struc-
ture. The frequency spectrum of Fig. 23(b) further veri-
fies the previous prediction that the orthogonal asymmet-
ric differential excitation scheme with single-ended out-
put of Fig. 22(b) will suppress mode (a) and (d), but not
mode (c). Finally, the absence of any spurious modes in
Fig. 23(c) verifies that the orthogonal, fully differential-
drive configuration of Fig. 22(c) works as advertised to
eliminate all close-in spurious modes, while accentuating
the desired extensional wine-glass mode. Fig. 24 presents
a measurement over a much wider frequency span from
300 MHz to 500 MHz (a 50% bandwidth region) using
Fig. 22(c), over which no other modes are observed—an
impressive demonstration of mode suppression.

VII. Conclusions

The demonstration by this work of extensional wine-
glass-mode ring resonators with frequencies as high as
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Fig. 23. Frequency spectra measured using corresponding configu-
rations in Fig. 22. The measured resonator in (b) with five ports
available is not the same design as in the other two plots, because
that device did not have sufficient electrode flexibility to allow the
hookup of Fig. 22(b).

1.52-GHz, Q’s > 2,800, and impedances potentially
amenable to image-reject filtering and oscillator applica-
tions, constitutes a substantial step toward a capacitively
transduced micromechanical resonator technology that
can satisfy the RF front-end requirements of today’s wire-
less communications. Although impedances low enough for
direct connection with antennas were not demonstrated
in this work, design paths based on the extensional wine-
glass ring structure have been identified that should enable
antenna-amenable impedances in devices that retain ca-
pacitive transducers, and hence retain all their design, Q,
and reconfigurability advantages [14]. In particular, sub-
stantially lower impedance is expected for designs that
reduce electrode-to-resonator gap spacing, increase the
structural film thickness, and increase the average ring
radius, relative to those of the resonators demonstrated
here, provided the troublesome spurious modes can be
properly suppressed using the techniques described in this
work. Resonator-arraying approaches [15] using the de-
vice of this work should also enable even lower motional
impedances, as well as higher power handling, perhaps suf-
ficient for transmit applications. Research to further re-
duce impedance in this manner is underway.

Fig. 24. Frequency spectrum measured using the setup of Fig. 22(c)
over a wide frequency span, showing only the desired mode and no
spurious modes.
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