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Microwave MEMS-Based Voltage-Controlled
Oscillators

Aleksander Dec, Member, IEEE,and Ken Suyama, Senior Member, IEEE

Abstract—A microwave voltage-controlled oscillator (VCO)
based on coupled bonding wire inductors and microlectrome-
chanical system (MEMS)-based variable capacitors for frequency
tuning is demonstrated in this paper. The MEMS-based variable
capacitors were fabricated in a standard polysilicon surface mi-
cromachining technology. The variable capacitors have a nominal
capacitance of 1.4 pF and have a factor of 23 at 1 GHz and 14 at
2 GHz. The capacitance is variable from 1.4 to 1.9 pF as the tuning
voltage is swept from 0 to 5 V. The VCO, fabricated in a 0.5- m
CMOS technology, was assembled in a ceramic package where
MEMS and CMOS dice were bonded together. The oscillator
operates at 2.4 GHz, achieves a phase noise of122 dBc/Hz at
1-MHz offset from the carrier, and exhibits a tuning range of
3.4%.

Index Terms—Tunable capacitors, voltage-controlled oscillators.

I. INTRODUCTION

M ANY MODERN wireless systems require high quality
voltage-controlled oscillators (VCOs) that exhibit wide

tuning range and low phase noise in the several gigahertz fre-
quency range. Their tuning range must be large enough to cover
the desired frequency span over process and temperature varia-
tions. The tunability is normally provided by a variable capac-
itor, which is often implemented as an external component be-
cause of the difficulty in realizing a high-factor on-chip vari-
able capacitor. Achieving low phase noise translates to having a
high- factor tank circuit and, hence, a high-factor inductor
and variable capacitor [1]–[3]. Integrated VCOs normally rely
on p–n junction varactors for frequency tuning [4]–[7]. In low
phase-noise applications, however, thefactor of an integrated
p-n junction varactor is often inadequate and, hence, use of an
alternative variable capacitor is often necessary.

Use of microelectromechanical systems (MEMS) for realiza-
tion of microwave variable capacitors has recently been pro-
posed [8], [9]. It has been shown that variable capacitors with a
high- factor and wide tuning range can be implemented using
either aluminum [8] or polysilicon [10] micromachining tech-
nologies, which makes these devices attractive for use in low
phase-noise VCOs [11]–[14].

In addition to these desirable characteristics, a MEMS-based
variable capacitor can handle large voltage swings, unlike a
p-n junction varactor, where voltage swing must be limited
to avoid placing the p-n junction in the forward bias region.
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Therefore, the phase noise of the oscillator can be improved
by simply having a larger oscillation amplitude. Furthermore,
MEMS-based variable capacitors do not respond to frequencies
beyond their mechanical resonant frequencies. That is, the
capacitance of these MEMS devices does not change with
respect to microwave signals. Thus, these devices are not
expected to produce harmonic distortion, which makes these
devices suitable for microwave filter applications.

This paper presents a design of a 2.4-GHz CMOSLC VCO,
which uses MEMS-based variable capacitors for frequency
tuning [12]. After the design and characterization of the
variable capacitors are discussed in Section II, the VCO circuit
is described in Section III, and the experimental results are
presented in Section IV. Effects of physical phenomena such
as gravity, acceleration, vibration, and sound on the VCO
behavior are discussed in Section V.

II. V ARIABLE CAPACITOR

The variable capacitor was designed in a multi-user MEMS
processes (MUMPs) surface polysilicon micromachining
technology [15]. The MUMPs process features three layers of
polysilicon (poly0, poly1, and poly2) and one layer of gold,
where gold can only be deposited on the top polysilicon layer
(poly2). The poly0, poly1, poly2, and gold have thicknesses of
0.5, 2.0, 1.5, and 0.5m, respectively. The sheet resistance of
poly0, poly1, poly2, and gold is 30/sq, 10 /sq, 20 /sq, and
0.06 /sq, respectively. The sacrificial layer release consists
of an HF etch of the oxide followed by a supercritical carbon
dioxide drying process [15]. The supercritical drying process is
used to ensure satisfactory device yield [16].

A. Device Operation

A functional diagram of the MEMS-based variable capacitor
is shown in Fig. 1. The capacitor consists of two parallel plates
where the top plate is supported by a spring, while the bottom
plate is mechanically fixed. The capacitance between the
two plates is given by

(1)

where is the dielectric constant, is the area of the capacitor
plates, is the separation of the capacitor plates under zero-bias
voltage, and is the displacement of the suspended plate from
its original position when a bias voltage across the plates is ap-
plied. The variable capacitor operates as follows: when a bias
voltage is applied across the capacitor plates, an electrostatic
force attracts the suspended plate toward the fixed plate until
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Fig. 1. Functional diagram of a MEMS-based variable capacitor.

an equilibrium between the spring and electrostatic forces is
reached. The equilibrium between these two forces can be ex-
pressed as follows:

(2)

where is the spring constant. By manipulating the equilibrium
expression and solving for the displacement, it can be shown
that the solution exists only for displacements .
The maximum theoretical tuning range for this variable capac-
itor is then 1.5 : 1 [8], [10].

The dynamic behavior of the variable capacitor can be mod-
eled by simply taking into account inertial force and friction as
follows:

(3)

where is the mass of the suspended plate andrepresents the
mechanical resistance or the presence of damping. It is of prac-
tical interest to investigate the frequency response of the variable
capacitor to an excitation force . The transfer function can
be obtained by setting the left-hand side of (3) to and by
applying the Laplace transform to both sides as follows:

(4)

where the mechanical resonant frequencyand the mechan-
ical quality factor are as follows:

(5)

(6)

Note that the transfer function has a low-pass re-
sponse, which indicates that the variable capacitor is sensitive
only to excitation forces whose frequencies fall within the me-
chanical resonance of the capacitor. High-frequency excitations
are significantly attenuated.

B. Capacitor Design

Fig. 2(a) and (b) shows the top and cross-sectional views of
the MEMS variable capacitor. The capacitor plates take an area
of 230 m 230 m and are separated by an air gap of 0.75m
(after sacrificial layer release), which results in a nominal capac-
itance of 0.6 pF. The design goal is to achieve maximum theoret-

(a)

(b)

Fig. 2. (a) Top and (b) cross-sectional views of the variable capacitor (not to
scale).

ical tuning range of 1.5 : 1 within a 3.3-V control voltage, which
can be achieved by using a suspension with a spring constant of
39 N/m. The suspended plate, which consists of poly2 and gold
layers, has a mass of 0.8gram, while the mechanical resonant
frequency is estimated at 35 kHz. To ensure the etch of the oxide
between the capacitor plates, 141 holes were made in the capac-
itor plates. Holes were also made in the bottom capacitor plate
to remove the oxide between the nitride and bottom capacitor
plate and to reduce the bottom plate parasitic capacitance.
Gold is used where possible on the top capacitor plate and the
suspension beams to maximize thefactor.

The suspension was designed with residual stress in mind.
During the fabrication process, the polysilicon layers are de-
posited at high temperatures. As these layers cool down to room
temperature, a certain amount of residual stress develops due to
thermal expansion of polysilicon. In addition, the top plate of the
capacitor consists of polysilicon and gold, two materials which
have vastly different thermal expansion coefficients. Hence, the
top capacitor plate tends to warp after the annealing and the sac-
rificial layer release. The suspensions fix the top plate in the

-plane and, thus, a suspension, which can absorb some of the
stress, is desirable. As is shown in Fig. 2(a), the suspension used
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Fig. 3. Microphotograph of the variable capacitor.

Fig. 4. S-parameters of the variable capacitor (V = 0 V

here allows horizontal rotational movement in the presence of
stress in the top plate.

C. Measured Results

Fig. 3 shows the microphotograph of the MEMS variable
capacitor. The variable capacitor was characterized using an
HP8534D network analyzer, a Cascade probe station, and
WinCal software. Fig. 4 shows the-parameters of the variable
capacitor. The variable capacitor has a nominal capacitance
of 1.4 pF when V and has a factor of 23 at
1 GHz and 14 at 2 GHz. The factor of the variable capacitor
is mainly limited by the series resistance of the suspension
[10]. Fig. 5 shows the tuning characteristics of the variable
capacitor. As the bias voltage is swept from 0 to 5 V, the
capacitance is tunable from 1.4 to 1.9 pF. The discrepancy
between theoretical and measured capacitance is due to the
residual stress [10]. Ten devices were fully characterized. The
average nominal capacitance was 1.39 pF and the standard
deviation was 0.03 pF. Although a larger number of devices
must be characterized in order to obtain good statistics, these

Fig. 5. Tuning characteristics of the variable capacitor.

TABLE I
SUMMARY OF VARIABLE CAPACITOR MEASUREMENTS

Fig. 6. Block diagram of the microwave MEMS-based VCO.

preliminary results indicate that these variable capacitors have
relative matching of approximately 2%. Table I shows the
summary of the measured results.

III. VCO CIRCUIT

The block diagram of the microwave MEMS-based VCO is
shown in Fig. 6. The resonant circuit of the VCO consists of two
variable capacitors ( ) and bonding wire inductors ( ) that
are coupled together by mutual inductance (). Bonding wire
inductors are used because of their high-factors [17]. The neg-
ative conductance is realized using a cross-coupled transcon-
ductance amplifier ( ). Output buffer ( ) is used to isolate
the resonant circuit from the load and to drive the measurement
equipment.
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Fig. 7. VCO circuit.

Fig. 8. Output buffers.

The circuit schematic of the VCO appears in Fig. 7. Dif-
ferential pair ( ) realizes the transconductance ampli-
fier ( ). The bias current is provided by the current mirror
( ) using externally supplied reference bias cur-
rent ( ). The oscillation frequency was arbitrarily chosen
to be 2.4 GHz, which can be achieved by using 1.4-pF micro-
machined variable capacitors and 2.2-nH bonding wire induc-
tors where the mutual inductance between the wires is 0.6 nH.
The parasitic capacitance across the resonant circuit is approxi-
mately equal to the tunable capacitance. The inductors are re-
alized using a 1-mil gold bonding wire, where each wire is
2.2-mm long and the two wires are separated by 0.5 mm. The
coupled inductor has an estimatedfactor of 117 at 2.4 GHz.
The variable capacitor has afactor of 11 at 2.4 GHz. The min-
imum required transconductance for oscillations to build up is
2.2 mS. However, the transconductance has been conservatively
chosen to be approximately seven times larger than the min-
imum value necessary so that the circuit oscillates over process
and temperature variations even if the MEMS-variable capac-
itor has a factor as low as five.

Fig. 8 shows the output buffers. Source followers ( )
buffer the oscillator output and drive the input of the cascoded
differential pair amplifier ( ). On-chip 50- resistors
( ) are used to accommodate the measurement equip-
ment. Transistors ( ) supply the bias current.

IV. EXPERIMENTAL RESULTS

The variable capacitors were fabricated in a MUMPs
polysilicon surface micromachining process, while the active
circuits were implemented in an HP 0.5-m CMOS technology.
The VCO was assembled together by bonding the MUMPs
and CMOS dice in a ceramic quad flat-pack package. The
microphotograph of the packaged VCO appears in Fig. 9. The
coupled bonding wire inductors are placed on the CMOS die
(right-hand side), while variable capacitors are located on the
MUMPs die (left-hand side). The bonding wires, which connect
the MUMPs and CMOS dice, are approximately 0.8-mm long
and separated by 150m. These bonding wires must be kept
as short as possible to avoid parasitic oscillations. The active
circuits occupy an area of 410m by 170 m.

Fig. 10 shows the measurement setup. The external poten-
tiometer ( ) is used to set the bias current. The two 100-pF
capacitors provide dc blocking. The 4 : 1 transmission-line
transformer performs differential to single-ended conversion.
The HP 4352B VCO/PLL analyzer is used to analyze the output
spectrum, phase-noise spectrum, and tuning characteristics of
the VCO.

For the output spectrum and phase-noise spectrum measure-
ments, the oscillation frequency of the VCO was set to 2.4
GHz by phase locking the VCO to a low phase-noise frequency
reference using the internal narrow-band phase locked-loop
(PLL) of the HP 4352B analyzer. Note that the HP 4352B
analyzer automatically makes the bandwidth of the internal
PLL sufficiently narrow so that for offset frequencies of interest
only the VCO phase noise is measured. The output spectrum
of the VCO is shown in Fig. 11. The VCO has an output
level of 14 dBm.

The phase-noise spectrum of the VCO is shown in Fig. 12. At
100-kHz offset from the carrier, the phase noise is93 dBc/Hz,
while at 1-MHz offset from the carrier, the phase noise is

122 dBc/Hz. The phase noise of the VCO is caused not
only by the electrical circuit noise, but also by the mechanical
noise that is present in the variable capacitors. In theory, phase
noise due to mechanical noise decays at a rate of20 dB/dec
for offset frequencies, well within the mechanical resonant
frequency of the variable capacitor, and60 dB/dec for offset
frequencies far away from the mechanical resonant frequency
[11]. For offset frequencies above 400 kHz, the phase noise of
the VCO is dominated by the electrical circuit noise, which
decays at 20 dB/dec. The close-in phase noise at offset
frequencies below 400 kHz is dominated by the mechanical
noise as well as noise of MOS devices.

Fig. 13 shows the tuning characteristics of the VCO. The
oscillation frequency is tunable from 2400 to 2320 MHz, within
a control voltage range of 6 V. Hence, the tuning range is 3.4%.
Simulation results, however, indicate a wider tuning range based
on the variable capacitor measurements. Further investigation



DEC AND SUYAMA: MICROWAVE MEMS-BASED VCOs 1947

Fig. 9. Microphotograph of packaged VCO.

Fig. 10. Measurement setup.

Fig. 11. Output spectrum.

Fig. 12. Phase-noise spectrum.

reveals that the simulated oscillation frequency range can be
achieved by applying larger tuning voltages, which effectively

Fig. 13. Tuning characteristics.

TABLE II
SUMMARY OF VCO PERFORMANCE

suggests an increase in the spring constant of the suspension,
after bonding and packaging of the VCO. The oscillation
frequency exhibits nonlinear relationship with respect to the
tuning voltage and, consequently, the gain of the VCO is a
function of the tuning voltage. An undesirable consequence
of the nonconstant VCO gain, if the VCO is to be used in a
frequency synthesizer, is the dependence of the settling time
on the channel switching sequence. However, since the tuning
voltage varies slowly, a nonlinear preprocessing circuit could,
in principle, be designed as to make the oscillation frequency
versus tuning voltage curve linear. The VCO consumes 20
mA of current, while operating from a 2.7-V power supply,
where the VCO circuit and output buffers consume 5 and
15 mA, respectively. Measurement results are summarized in
Table II.
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V. DISCUSSION

As with many electromechanical devices, influence of var-
ious physical phenomena such as gravity, acceleration, vibra-
tions, and sound on MEMS-based variable capacitors and VCOs
needs to be examined.

A. Effect of Gravity and Constant Acceleration

Since the suspended plate of the variable capacitor has a
nonzero mass, its position changes with respect to gravity and
acceleration. To examine the effect of constant acceleration on
the variable capacitor, it is of interest to evaluate the sensitivity
of the capacitance to changes in the displacement as
follows:

(7)

Similarly, the sensitivity of oscillation frequency to changes in
the displacement can be shown to simplify to

(8)

where is the ratio of parasitic to desired capacitance. The dis-
placement of the suspended plate due to a constant acceleration

can be shown to be

(9)

As an example, consider the variable capacitor design in
Section II-B. Due to gravity, the distance between the capacitor
plates would change by 0.2 nm and the 0.6-pF capacitance
would change by approximately 0.027%, if the bias voltage is
set to zero. The oscillation frequency would change by 0.007%
(170 kHz for a 2.4-GHz oscillation frequency) if parasitic and
desired capacitance are assumed to be equal. Similarly, in order
to produce a 10% change in capacitance or a 2.5% change
in oscillation frequency, an acceleration of 373 g would be
required. In practice, the VCO would be employed in a PLL
and, hence, the loop will adjust the control voltage so that the
VCO oscillates at the desired reference frequency.

B. Effect of Vibrations and Sound

The effect of vibrations or dynamic acceleration on the vari-
able capacitor can be evaluated in a similar fashion, as shown
in the previous section, where the displacement due to dynamic
acceleration is now given by

(10)

Note that the displacement of the suspended capacitor plate
varies mainly in response to low-frequency vibrations since
the variable capacitor has a low-pass response
with a cutoff frequency at the mechanical resonance. These
low-frequency vibrations modulate the oscillation frequency of
the VCO where the frequency deviation is given by (8).
As an example, a VCO based on the variable capacitor from
Section II-B is considered where a vibration of 50 Hz with
peak amplitude of 0.5 g is present. In the presence of the 0.5-g
vibrations, the oscillation frequency deviates by approximately

0.0035%, a peak deviation of 85 kHz for a 2.4-GHz oscillation
frequency. Note that the 50-Hz vibration falls well within the
35-kHz resonance of the variable capacitor.

Similarly, the effect of sound on the displacement of the sus-
pended plate can be expressed as follows:

(11)

where is the pressure of sound. Given the variable capac-
itor from Section II-B, a 1-kHz tone 60 dB above the 20-Pa
reference sound pressure (rms) would produce a displacement
of 0.038 nm (rms) or an change in capacitance of 0.005% (rms).
The 60-dB tone would result in a frequency deviation of 22 kHz
(rms), if an oscillation frequency of 2.4 GHz is assumed. Nat-
urally, the effect of sound is most severe if the variable capac-
itor is directly exposed to the external environment. However,
the effect of sound on the variable capacitor can be minimized
by packaging the device in a hermetically sealed package or
even operating the device under vacuum. Moreover, the effect
of these low-frequency excitations, in general, can be minimized
by phase locking the VCO to a low-noise reference frequency
and ensuring a wide-loop bandwidth of the PLL.

VI. CONCLUSION

A microwave MEMS-based VCO operating at 2.4 GHz
was presented in this paper. The oscillator was fabricated in
a 0.5- m CMOS technology where the resonant circuit of
the oscillator consists of coupled bonding wire inductors and
MEMS-based variable capacitors. The variable capacitors, with
a nominal capacitance of 1.4 pF and afactor of 23 at 1 GHz
and 14 at 2 GHz, were fabricated in a standard polysilicon
surface micromachining process. The capacitance is tunable
from 1.4 to 1.9 pF as the bias voltage is swept from 0 to 5 V. The
VCO was packaged in a ceramic package where MEMS and
CMOS dice were bonded together. The VCO has a phase noise
of 93 and 122 dBc/Hz at 100-kHz and 1-MHz offset from
the 2.4-GHz carrier, respectively. The oscillation frequency is
tunable by 3.4%. Future work includes the design of high-
factor MEMS-based variable capacitors and the realization of
fully monolithic microwave MEMS-based VCOs.
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