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Intermodulation Distortion and Power Handling
in RF MEMS Switches, Varactors,

and Tunable Filters
Laurent Dussopt, Member, IEEE, and Gabriel M. Rebeiz, Fellow, IEEE

Abstract—This paper presents a theoretical and experimental
study of the nonlinear effects generated RF-microelectro-
mechanical system (MEMS) varactors and capacitive switches.
The theoretical part includes an analytic derivation, as well as
an electromechanical model suitable for computer-aided design
(CAD) simulation. The simulations agree very well with measure-
ments performed on a 24-GHz three-pole MEMS tunable filter. It
is shown that MEMS capacitive components with a spring constant

10 N/m generate very low intermodulation, as compared
to semiconductor devices, and lead to a two-tone third-order
intermodulation intercept point (IIP3) greater than +40 dBm for
� 3–5 0, where 0 is the mechanical resonant frequency.
In fact, the IIP3 increases to +80 dBm for a difference signal
(� ) of 5 MHz. The CAD model also allows the evaluation of
the power-handling capabilities of the tunable filter and, it is seen
that, for the case presented here, distortions become significant
for an input power greater than +20 dBm. Noise generation due
to thermal effects on a movable membrane (Brownian noise) is
also modeled and it is shown that the tunable filter results in a
very low phase-noise level close to the carrier.

Index Terms—Filters, intermodulation (IM), microelectromech-
anical system (MEMS), microwave, millimeter wave, phase noise,
power handling, switches, varactors.

I. INTRODUCTION

M ICROELECTROMECHANICAL system (MEMS)
switches and varactors have demonstrated impressive

performances in terms of losses, reliability, and tuning range
during the last few years [1], [2]. Switches have many potential
applications in radar and communication systems. Varactors
can also be used as tuning elements in filters, phase shifters,
or matching networks. Most of these circuits operate at power
levels of 1–1000 mW and, therefore, linearity is a critical
parameter to prevent distortions or inter-channel interferences.

This paper presents a theoretical and experimental study of
nonlinear effects generated by MEMS capacitive switches and
varactors. An example of a shunt and series MEMS switch is
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Fig. 1. Top and side views of a: (a) fixed–fixed beam MEMS shunt switch and
(b) cantilever series switch.

shown in Fig. 1. The bottom electrode of the switch is covered
by a thin dielectric layer in order to create a capacitive contact
in the down-state position. MEMS switches are characterized
by an up-state capacitance, which varies with the height of the
bridge. The beam can be moved using an electrostatic force due
to a voltage between the bridge and bottom electrode. This prop-
erty is used for the actuation of MEMS switches or tuning the
capacitance of a varactor. As a consequence, the up-state ca-
pacitance is also sensitive to the power of the RF signal, gener-
ating nonlinear effects such as intermodulation (IM). However,
this paper demonstrates, analytically and experimentally, that
these distortions are usually very small and, in many cases, neg-
ligible. This is an important advantage of MEMS as compared
to other switching components (p-i-n diodes, FET transistors)
or tuning elements (varactor diodes, FET transistors, ferroelec-
tric thin films).

0018-9480/03$17.00 © 2003 IEEE
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II. NONLINEAR EFFECTS IN MEMS CAPACITIVE SWITCHES

A. Review of MEMS Electromechanical Modeling

The dynamic mechanical response of a fixed–fixed or can-
tilever beam is given by the d’Alembert principle and is [3]

(1)

where is the bridge displacement, is the bridge mass, is
the damping coefficient, is the spring constant, and is
an external force. By using Laplace transforms, the frequency
response is

(2)

where is the quality factor and is
the resonant frequency. Modal analysis of the beam displace-
ment indicates that only part of the beam actually moves. Con-
sequently, one has to use the effective mass of the beam, which
is 0.35 –0.45 the actual mass1

(3)

where , , , and are the density, length, width, and thick-
ness of the beam, respectively. The up-state capacitance is

, where is the parallel-plate capacitance

(4)

and is the fringing-field capacitance, which is around
10%–20% of [4]. A voltage applied between the bottom
electrode and membrane generates an electrostatic force

(5)

For low voltages, the electrostatic force results in a small dis-
placement of the membrane and is balanced by the spring
restoring force . Increasing the applied voltage in-
creases the displacement until an unstable point where the
spring collapses. One can show that the instability occurs for
a displacement , where is the original bridge
height, and the corresponding pull-down voltage is

(6)

B. Response to a Modulating Signal

An accurate electrical model of a MEMS capacitive switch is
shown in Fig. 2 [4]. If we consider the case of the shunt capac-
itance on a line and assume that , the transmission
coefficient is given by

(7)

1MSC Software, Palo Alto, CA.

(a)

(b)

Fig. 2. MEMS switch electrical model. (a) Shunt and (b) series design.

with an output phase and amplitude of

(8)

For a small displacement , the capacitance becomes

(9)

Inserting this expression in (8) results in

(10)

It is seen that a small displacement results in a capacitance
change and, therefore, a phase modulation of the output voltage.
The output spectrum, in turn, will include several sidebands at

if is varying at a frequency .
Consider the case of an incident signal including three com-

ponents: bias (dc), a low-frequency modulating signal at ,
and an RF signal at

(11)

Assuming that and , the displacement is

(12)

where the high-frequency terms at , , and are ne-
glected since . Using (8) and (10), the RF output signal
becomes

(13)

where . Notice that if there is no dc bias
, the modulation components at are null

and the sidebands occur only at . Also, the sidebands
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TABLE I
SWITCH/VARACTOR MODEL PARAMETERS

at are indirectly dependent on through the bridge
height . The modulation level at is

(14)

There are also two modulation components at

(15)

The modulation level follows the low-pass response of (2), and
it is easy to prove that, if or , then the
modulation levels derived in (14) and (15) are multiplied by

and , respectively. Also, varies as and
and, therefore, the modulation effect is more important in

varactors (which have a higher than switches) and at high RF
frequencies.

An RF-MEMS switch with the parameters indicated in Table I
and at 10 GHz with V (up-state) and

V results in a modulation component at of 74.1 dBc.
The pull-down voltage is 16.3 V (6). If a bias voltage

V is applied, the bridge height and capacitance can be es-
timated from (5), (1), and (4) and are m and

fF, respectively. The modulations levels are then 48.1 dBc
and 70.6 dBc at and , respectively.

C. Response to Multiple Signals: IM

Consider the case of two incident signals on a line
. The output signal is

(16)

Assuming that , the displacement is

(17)

where the high-frequency terms at , , , , and
are neglected since . Using (8) and (10), the RF
output signal becomes

(18)

Assuming , the IM products level at and
is

(19)

where depends on the bias voltage. Notice that the IM compo-
nents always occur at and independently of
the bias voltage. The two-tone third-order intermodulation inter-
cept point (IIP3) corresponds to the value of , for which

, and can be easily derived from (19)

(20)

For the RF-MEMS switch considered above, and with
V mW at 10 GHz, the resulting IM

level is 67.2 dBc, and the corresponding IIP3 is 55.1 dBm.
As in the modulation case, the IM power depends on and

and, therefore, the IM products are much larger for MEMS
varactors than for MEMS switches and at high RF frequencies.
The IM power level is extremely sensitive to and varies as
for a constant varactor area. This is due to the and terms
in (14), (15), and (19). Finally, varies as , and low
spring-constant varactors can generate relatively high IM levels.

Thus far, we have discussed the IM products in the trans-
mitted signal, but the reflected wave has the same IM products
relative to the carrier since the reflection coefficient is

(21)

Since the reflected signal from a shunt switch in the up-state is
quite low, the IM generated will be very low as well and should
not be significant.

A similar analysis can be done for a capacitive series switch
with

(22)

In this case, it is the reflected wave, which is very high when the
switch is in the up-state position. The series capacitive switches
result in 4 more phase variation and, therefore, 16 more IM
products as compared to shunt capacitive switches for the same
up-state capacitance. This is expected since the RF voltage on a
series capacitive switch in the up-state position (open circuit) is
twice that of a shunt capacitive switch.

For series and shunt capacitive switches, in the down-state
position, the IM products depend only on the dielectric linearity
and are very low. In the case of metal-contact switches, the IM
generated is extremely low because of the very small capaci-
tance in the up-state position (2–10 fF) and the low nonlineari-
ties of the metal–metal contact in the down-state position.

The calculations presented in this section assumed that the
switch impedance is high to justify the approx-
imations of (7) and (8). However, in the case of a varactor,
the capacitance can be quite large and an analytic derivation
of the modulation or IM levels would involve more compli-
cated expressions. Another approach is to use a computer-aided
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Fig. 3. Nonlinear CAD model of a MEMS capacitive switch or varactor in the
up-state position.

design (CAD) electromechanical model, as presented in Sec-
tion III, which, in addition, permits to simulate complex circuits
including several MEMS devices.

III. CAD ELECTROMECHANICAL MODEL OF A MEMS BEAM

In order to study the IM generation in circuits using MEMS
switches or varactors, a nonlinear model of the MEMS device
in the up state has been implemented in Agilent ADS2 (Fig. 3).
A nonlinear mechanical model of a MEMS switch using me-
chanical/electrical equivalencies has already been presented by
Mercier et al. [6]. The present model implements directly (1),
(5), and (9) and seems more straightforward. However, the au-
thors believe that both models should provide similar capabil-
ities for the analysis presented in this paper. The module is
the capacitance model with a port-1 impedance .
In this equation, the value of is calculated from (4) using
the displacement of the membrane , which is represented
by an equivalent voltage at port 2. The membrane displace-
ment is calculated from the electrostatic force by module

, which uses (2). This relation is actually the transfer func-
tion of a second-order low-pass filter and its implementation is
straightforward using the polynomial low-pass filter module of
ADS. The electrostatic force is calculated by module from
the voltage (port 3) and the displacement (port 1). This
module generates an output voltage equivalent to the electro-
static force (5).

We present in this section some simulation results of a MEMS
shunt switch showing the basic response of the device to the
bias voltage or the RF signal. The switch is identical to the de-
vice considered in Section II and its characteristics are listed in
Table I.

Fig. 4 shows the height and capacitance of the bridge for a
bias voltage of for the MEMS switch of Table I. The
displacement of the membrane at V is 0.78 m, and
the parallel-plate capacitance ratio is 1 : 1.35. Fig. 5 presents the
membrane displacement versus time for a sinusoidal modula-
tion V at a frequency of , , and kHz

V . As shown in (13), the component at is null
since V and the modulation occurs at . The mem-
brane position waveforms are also at twice the modulating fre-
quency and, therefore, the maximum displacement occurs for

kHz, which is half the mechanical resonance. At low
modulating frequency, the membrane follows the bias wave-
form, while at 100 kHz, the variations of the electrostatic force
are greatly attenuated by the low-pass mechanical characteristic

2ADS 2002, Agilent Technol. Inc., Palo Alto, CA

Fig. 4. MEMS varactor: parallel-plate capacitance and bridge height versus
bias calculated with ADS model.

Fig. 5. Modulation of an RF carrier (f = 10 GHz; P = 0 dBm) by a low
frequency (f = 1, 30, and 100 kHz) sinusoidal voltage (V = 3 V): bridge
position versus time (time scale is normalized to the period of the low-frequency
signal).

of (2) and the membrane shows small oscillations around an
average value of 2.993 m. The output spectrum is shown in
Fig. 6(a) for an incident RF signal at 10 and 24 GHz, and for
a dc bias of 0 and 10 V. The modulation levels simulated at
10 GHz with V confirm the calculations made in
Section II-B. Fig. 6(b) shows the modulation level versus mod-
ulation frequency . This plot is similar to the mechanical
characteristic of (2), but with a resonance frequency of if

V and if V. The modulation level also
drops as for . This shows that a varactor or
a switch does not generate any significant level of modulation
components for bias variations or parasitic signals above 3–5 .

Fig. 7 shows the force and displacement waveforms calcu-
lated with the nonlinear circuit model assuming two incoming
waves at frequencies and , and the resulting IM level is
shown in Fig. 8 for an RF power of 10–1000 mW. Again, the
IM simulated for mW agrees well with calcula-
tion of Section II-C. The IIP3 is minimum at and is

51 dBm. The IM-to-carrier ratio increase from mW
to mW is approximately 20 dB, which agrees with
(19). From mW to mW, this level
increases by 24.6 dB because of the self-biasing effect of the
high-power RF signal, which lowers the membrane height.

The IIP3 of a single varactor is shown in Fig. 9 as a function
of the spring constant and for several bridge height . The
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(a)

(b)

Fig. 6. Modulation of an RF carrier (f = 10 and 24 GHz, P = 0 dBm) by
a low-frequency (f ) sinusoidal voltage (V = 3 V). (a) Output spectrum at
f = 1 kHz and (b) modulation level versus f (see Table I for details).

parallel-plate area is m corresponding to a
capacitance fF for m. As expected from (20),
the IIP3 increases by 10 dB/decade with and by 12 dB when
is doubled (varies as ). This simulation of IIP3 agrees within

0.2 dB with the analytical derivation of Section II (20). These
results show that, for a spring constant N/m and a gap

m, the IIP3 of this varactor m
is greater than 50 dBm. The characteristics of a different var-
actor can be easily deduced from this graph since the IIP3 varies
as and (20).

The IM levels are so low that it is very hard to measure them
using a single MEMS switch or varactor. However, if the MEMS
varactor is placed in a resonator or a filter, it experiences much
higher RF voltages and generates measurable quantities of IM
products. This is done in Section IV.

IV. IM GENERATION IN A 24-GHz
TUNABLE FILTER

A 24-GHz three-pole 7% tunable filter has been previously
developed by Abbaspour-Tamijani et al. [5] (Fig. 10). The cir-
cuit is built on quartz . The measured 1-dB bandwidth
is 6.6%–8.4% with a 5.1% tuning range (22.6–23.8 GHz). The
insertion loss is from 2.8 to 3.8 dB and the return loss is
better than 12 dB over the entire tuning range (Fig. 11). This

(a)

(b)

Fig. 7. IM between two RF signals (P = 100 mW, f = 10 GHz).
(a) Electrostatic force and (b) bridge position versus time (see Table I for
details).

Fig. 8. Two-tone IM-to-carrier ratio at 10 GHz for P = 10, 100, and 1000
mW (see Table I for details).

filter uses six MEMS varactors whose parameters are given in
Table II.

The voltage at each varactor is given in Fig. 12 as a function
of frequency for an input power of 10 mW. It is seen that, due
to the resonant structure of the circuit (each resonator has a
of around 50–60), the voltage can go up to 2 V, which is much
more than in the case of a switch on a line, where the voltage
is 0.7 V for the same incident power. Consequently, the IM
generation is more important in this circuit as compared to a
standard varactor across a line.
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Fig. 9. IIP3 of a single varactor as a function of the spring constant for several
membrane heights (f = 10 GHz;�f = 10 kHz), and the corresponding
parallel-plate capacitance versus g (A = 140� 140 �m ).

Fig. 10. 24-GHz three-pole 7% tunable filter. (a) Photograph. (b) Model.

Fig. 13 presents the IM measurement setup. The two signals
are combined through a 10-dB coupler, which is preceded by
two isolators to reduce the residual IM generated by the ampli-
fiers. Measurements are done on wafer and the output spectrum
is measured with an HP 8564E spectrum analyzer. Fig. 13(b)
presents the output spectrum of the filter for mW and

kHz.
The IM products have been measured for

to 10 dBm, – kHz, GHz and no bias
voltage on the varactors [see Fig. 14(a)]. The noise floor and
residual IM of the measurement setup limited our experiment to

– kHz. The measurements agree very well with
the simulation and confirm the 40 dB/decade decrease rate
of the IM for . The simulation is done by inserting
the nonlinear model of Fig. 3 for each MEMS varactor in the
filter of Fig. 10 and doing a standard two-tone harmonic-bal-
ance simulation. From these measurements, one can plot the
output and IM power versus input power and deduce the IIP3
[see Fig. 14(b)]. As expected, the IIP3 is minimum at the reso-
nant frequency of the bridges 26.6 dBm , but increases to

39 dBm at 200 kHz and 42 dBm at 500 kHz. These re-
sults demonstrate that MEMS tunable filters do not generate any
significant IM product for signals separated by over 500 kHz,
as is the case in most multichannel communication systems
(inter-channel interference).

For completeness, the IM has been measured versus fre-
quency and for several bias voltages (Fig. 15). Effectively, as

Fig. 11. Measured S-parameters of the 24-GHz three-pole 7% tunable filter
for V = 0 V and 15 V.

TABLE II
VARACTOR MODEL PARAMETERS FOR THE 24-GHz TUNABLE FILTER

Fig. 12. Simulated peak RF voltage at each MEMS varactor (V �V ) of the
24-GHz tunable filter (P = 10 dBm).

shown in Fig. 12, the voltage at each varactor depends on the
frequency and, thus, do the IM products. Again, we observe a
fairly good agreement between measurements and simulations.
The IM products are 4–6 dB higher at each edge of the passband
than in the middle, which means a 2–3 dB lower IIP3.

The dependence of the IM products versus varactor bias
at 24 GHz was simulated (Fig. 15). An increase of roughly
12 dB is observed at the maximum bias. This result agrees
well with the measurements shown in Fig. 15 and the theory.
Effectively, (8) and (19) show that the IM products depend on

, and assuming that the bridge height is reduced by 30%
at V, the IM level should be increased by a factor

dB.
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(a)

(b)

Fig. 13. (a) IM measurement setup. (b) Output spectrum for P = P =
10 mW and �f = 60 kHz.

V. POWER HANDLING OF A 24-GHz TUNABLE FILTER

Power handling and self-biasing of MEMS devices is more
critical for MEMS varactors than for switches since the parallel-
plate area is usually quite large and the membrane height deter-
mines the capacitance value. The self-biasing of single switches
or varactors has been investigated by Muldavin [8] and Mercier
et al. [7]. A membrane pulls down by self-actuation when the RF
rms voltage is equal to the dc pull-down voltage, and this occurs
at W for the varactor of Table II (pull-down voltage

V). It is, therefore, important to simulate MEMS-tun-
able filters under high RF power conditions since a small input
power can generate fairly large voltages across the MEMS var-
actors (see Fig. 12). Fig. 16(a) shows the simulated large-signal

-parameters of the 24-GHz filter for several input power values
from 0 to 28 dBm. It is seen that there is no significant variation
in the -parameters for dBm. This is confirmed
by the measurements of Fig. 16(b). However, simulations for

and 28 dBm indicate a significant self-biasing
of the varactors, with peak RF voltage values up to 17–20 V.
For dBm, the harmonic-balance simulation does not
converge, which indicates that at least one bridge is pulled down
as the rms RF voltage across the varactors reaches the pull-down
voltage (14 V).

Another self-biasing effect of practical interest is the passive
IM generated when the filter is fed with an amplitude-modu-
lated RF signal at 24 GHz. We have simulated the filter fed
by a pulsed source with - – , and – dBm
[see Fig. 17(a)]. The magnitude and phase of are shown

(a)

(b)

Fig. 14. Filter IM products measurements. (a) IM level versus �f . (b) IM
level versus input power (f = 24 GHz; V = 0 V).

Fig. 15. IM-to-carrier ratio versus frequency (—— simulation,
—�— measurement). Insert: IM-to-carrier ratio versus varactor bias at
f = 24 GHz (�f = 20 kHz; P = 5 dBm).

in Fig. 17(b) for a pulse rate of 20 kHz. As expected, signif-
icant amplitude and phase deviations occur for a peak power
greater than 20 dBm. Fig. 18 shows the spectrum of the input
signal for dBm and the output spectrum for

– , and – dBm. The nonlinearities of
the filter generate strong additional spectral components at

40 kHz, 80 kHz, 120 kHz, etc. as a result of IM between
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(a)

(b)

Fig. 16. (a) Simulated large-signal S-parameters of the 24-GHz three-pole
tunable filter for P = 0; 20;26; and 28 dBm. (b) Measured S-parameters
for P = �10;15; and 23 dBm (V = 0 V).

the carrier and modulating signal. As in the case of the two-tone
IM, the distortions generated are maximum at the resonant
frequency of the membrane kHz and become
negligible for pulse rates greater than 200–300 kHz (3–5 ).

This section shows that the practical power handling of the
filter presented is roughly 20 dBm. A higher power handling
can be obtained with a higher spring constant: the pull-down
voltage varies as and, therefore, the maximum allowable RF
power varies as . A high spring constant benefits to the filter
also in terms of IIP3 (Section III), and in terms of noise, as is
shown in Section VI.

VI. PHASE-NOISE GENERATION

Thermal noise (or Brownian noise) generates a mechanical
force on the membrane given by (in ),
where is the Boltzman constant, is the temperature, and

is the damping coefficient [9]. This effect can be taken into
account in the model of Fig. 3 by including a noise voltage
source in series between blocks and with an rms voltage of

(in ). The random displacement of the mem-
brane is equal to the noise force multiplied by the transfer
function of (2), and results in a random phase and amplitude
variation at the output of the MEMS switch or varactor.

(a)

(b)

Fig. 17. Simulated passive IM in the tunable filter at 24 GHz for a pulsed input
signal withP = 0�20;0–23, and 0–26 dBm. (a) Envelope of the input signal
versus time. (b) Magnitude and phase of the transmission coefficient versus time
(pulse rate: 20 kHz).

(a)

(b)

Fig. 18. Simulated passive IM in the tunable filter at 24 GHz for a pulsed
input signal. (a) Spectrum of the input signal (P = 0�23 dBm). (b) Output
spectrum (P = 0�23;0–23, and 0–26 dBm) (pulse rate: 20 kHz).

The phase noise generated by the Brownian noise for a shunt
switch or varactor is [9]

Hz (23)
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Fig. 19. Simulated phase noise generated in a single varactor and in the
24-GHz three-pole tunable filter for a 0-dBm input signal at 24 GHz.

where is the ratio of the fringing capacitance to the par-
allel-plate capacitance , and is the
phase delay due to the MEMS component. In (23), varies
as and, therefore, low spring constant devices generate
higher phase noise close to the carrier. For the varactor of
Table II with and for GHz, K,
the phase noise relative to the carrier calculated using (23) is

dBc/Hz. This agrees well with the simulated
results of Fig. 19 for an offset frequency of dc–60 kHz (dc– ).
For offset frequencies larger than the mechanical resonance,
the phase noise decreases at a rate of 40 dB/decade and is
eventually limited by the MEMS varactor series resistance
noise 191 dBm/Hz since there is no loss in the

line. The 24-GHz tunable filter has been simulated using the
circuit of Fig. 10(b) and the noise model presented above, and
results in an output phase noise level of 146.2 dBc/Hz close
to the carrier and 180 dBc/Hz at high offset frequencies,
limited by the 3-dB loss in the filter (Fig. 19).

The amplitude noise generated by the Brownian noise in
MEMS switches is [9]

Hz (24)

and, for the case of the MEMS varactor of Table II at
24 GHz, fF , (24) dBm/Hz
agrees quite well with the nonlinear circuit model of Fig. 3

dBm/Hz .
It is worth noting that, comparing (23) and (24), the phase

and amplitude noise components are related by .
For a MEMS switch with fF at 10 GHz

rad , the amplitude noise is 22 dB lower than the phase
noise due to the much smaller capacitance and . However,
for the MEMS varactor with fF at 24 GHz

rad , the two noise components are within 5.4 dB due
to the much larger capacitance of the MEMS device.

VII. CONCLUSION

This paper has shown that MEMS varactors do not move
at difference signal frequencies greater than 200 kHz

and, therefore, generate very low IM products. This makes
RF MEMS switches and varactors very attractive for tunable
filters, matching networks, or phase-shifter applications in
communication systems.

A complete CAD model was also developed, which allows
the user the capability to predict the IM levels, power handling,
and Brownian noise generation of MEMS varactors and tunable
filters and networks. For the 24-GHz three-pole 7% filter, an
input power up to 20 dBm does not generate any significant
distortion of the filter response due to self-biasing or passive
IM. The phase noise generated in the filter is of the order of

147 dBc/Hz close to the carrier, but falls off to insignificant
levels at offset frequencies greater than 3–5 .
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