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Systematic Design Approach for Capacitively
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Ari T. Alastalo and Ville Kaajakari, Member, IEEE

Abstract—A design procedure for microelectromechani-
cal (MEMS) band-pass filters is formulated that takes into
account specifications set for carrier-to-interference ratio
(C/I) and insertion loss. Since suppressing intermodulation
distortion to maximize C/I in MEMS filter design typically
leads to increased loss and vice versa, it is necessary to aim
at a feasible compromise in filter performance that meets
all of the requirements. In order to meet specifications that
are typical for a handheld communication terminal, an inte-
grated receiver architecture, where filter input and output
impedances other than 50 Ω can be used, is found to be
more feasible than resistively terminating the front-end fil-
ter at source and load to 50 Ω.

I. Introduction

Communication systems operate in noisy environ-
ments where interferer powers may be 1010 times

larger than the wanted-signal power. In order to ease
the linearity and dynamic-range requirements of the re-
ceiver, high-quality-factor analog filters are used to block
the interfering signals. Off-chip macroscopic ceramic sur-
face acoustic wave (SAW) or film bulk acoustic resonator
(FBAR) filters offer excellent performance but their large
size, high cost, and unsuitability for integrated circuit (IC)
integration limit their scope of application.

Miniature mechanical resonators, fabricated with mi-
croelectromechanical systems (MEMS) technology, are a
potential replacement for off-chip filters as they are com-
pact in size and integratable with IC electronics. The
potential of miniature filters was already realized in the
1960s, leading to the development of the “resonant-gate
transistor”—a field-effect transistor with a vibrating metal
gate [1]. However, this early work was plagued by problems
with a low quality factor (∼500 at 5 kHz), poor stability
of the metal resonator, and limited dynamic range due to
nonlinear electrostatic effects arising from the inverse gate
capacitance-displacement relationship.

In the 1990s, the advances in processing technology
and the tremendous growth of the communication-device
market led to renewed interest in micromechanical res-
onators and filters [2]–[5]. The demonstrated quality fac-
tors of MEMS resonators, Q > 100 000 at 10 MHz [6] and
Q > 1 000 at 1 GHz [7], are comparable to those of their
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macroscopic SAW and FBAR counterparts. While the me-
chanical properties of MEMS resonators now are very
promising, the electrostatically coupled resonators charac-
teristically suffer from high electrical impedance due to the
weak electromechanical coupling. Increasing the coupling
by reducing the electrode gap also increases the nonlinear
electrostatic effects leading to trade-off between insertion
loss and linearity [8].

In this paper, we quantify the trade-off in MEMS filter
performance between the insertion loss and intermodula-
tion distortion. Our prior analysis of filter distortion for the
interferers at filter passband [9] and at stopband [10], [11]
is summarized and a design procedure for MEMS band-
pass filters is formulated in more general terms than in
[11]. By means of advanced simulation tools, the analyti-
cal and experimental results on intermodulation in capac-
itively weakly coupled resonators are shown to also hold
for higher-order filters as well as for tightly coupled filters.
The central challenges for MEMS in high-frequency filter
design are identified and exemplified by using the Global
System for Mobile Communications (GSM) 900 specifica-
tions as a case study. Different filter architectures are com-
pared and bandpass MEMS filters are shown to be more
suitable for novel integrated receiver architectures than for
the conventional resistive 50-Ω termination at filter input
and output.

II. Theory of MEMS Filters

To facilitate practical filter design, the exact theory of
MEMS filter distortion for single-stage weakly coupled fil-
ters, presented in [9], [10], is generalized to hold for tightly
coupled and multi-stage filters. With simplifying assump-
tions, a set of easy-to-use design equations is derived.

A. Electrical Model

Fig. 1(a) shows a schematic of a MEMS resonator with
spring coefficient k, effective mass m, resonance frequency
ωres =

√
k/m, and dissipation γ =

√
km/Q, where Q is

the unloaded quality factor of the resonator. The electri-
cal transduction is provided by two capacitive transducers
biased with DC voltage Vbias. The resonator is electrically
grounded. Identifying the electromechanical coupling co-
efficient η = C0Vbias/d and electromechanical spring con-
stant ke ≡ ηVbias/d, where C0 is the rest capacitance
of the electrostatic transducers and d is the transducer
gap, the well-known electrical-equivalent model, shown in

0885–3010/$20.00 c© 2006 IEEE

III/1



alastalo and kaajakari: design of capacitively coupled microelectromechanical filters 1663

(a)

(b)

(c)

Fig. 1. MEMS resonator and filter models. The DC-blocking capac-
itance is denoted Cblk. The electrical equivalent of the resonator
in (a) is the RLC series-resonance circuit (Rem, Lem, Cem) with the
two shunt capacitors C0 in (b). Close to the resonance frequency, the
single-stage filter has a series equivalent shown in (c). (a) Schematic
of a micromechanical resonator (k, m, γ) operating as a single-stage
band-pass filter for capacitively coupled signals. (b) Electrical equiv-
alent of a single-stage (a) and multi-stage MEMS filters. Coupling
of the filter stages is done with a shunt capacitance Cgnd. (c) Series
equivalent of the single-stage filter.

Fig. 1(b) [3], [4], [12], can be developed. Here, Rem = γ/η2,
Lem = m/η2 and Cem = η2/(k − 2ke) are the resistance-
inductance-capacitance (RLC)-equivalent parameters of
the MEMS resonator. The inter-stage coupling is repre-
sented with a shunt capacitance Cgnd but it may be either
a physical capacitance or a mechanical spring.

For the single-resonator filter, the loaded in-circuit qual-
ity factor Q′ can be calculated as

Q′ =
√

k′m/γ′. (1)

Here,

γ′ = η2 (Rem + R′
S + R′

L) , (2)

k′ = η2 (1/Cem + 1/C′
S + 1/C′

L) , (3)

where R′
S , C′

S , R′
L, and C′

L are the narrow-band series-
equivalent resistances and capacitances of the parallel

source (Rac||C0) and load (RL||(C0+CL)) circuits, respec-
tively, given by

R′
S =

Rac

(Racω0C0)2 + 1
, (4)

C′
S =

C0
[
(Racω0C0)2 + 1

]
(Racω0C0)2

, (5)

R′
L =

RL

[RLω0(C0 + CL)]2 + 1
, (6)

C′
L =

(C0 + CL)
{
[RLω0(C0 + CL)]2 + 1

}
[RLω0(C0 + CL)]2

, (7)

and ω0 = ω′ ≡
√

k′/m is the loaded resonance frequency.
In addition to the loaded Q value of (1), the Thévenin-
equivalent input voltage

V ′
ac = Vac

1
1 + jωC0Rac

(8)

must be used in order to utilize the unloaded third-order
input intercept point (IIP3) and signal-to-intermodulation
ratio (SIR) results of [9] and [10] for tightly coupled filters,
as in what follows.

B. Intermodulation

In filter applications, signal intermodulation (IM) due
to odd-order nonlinearities is especially detrimental as it
can lead to unwanted frequency components within the
filter passband. For example, cubic mixing of two fun-
damental signals having frequencies ω1 and ω2 results in
third-order intermodulation (IM3) products at frequencies
2ω1−ω2 and 2ω2−ω1. If ω1 = ω0+∆ω and ω2 = ω0+2∆ω,
the IM product at 2ω1 − ω2 is at the passband center fre-
quency ω0, corrupting the desired signal.

The SIR in the output of a capacitively coupled MEMS
single-resonator filter for interferers outside the passband
is given in [10] for a general case. For present purposes,
we assume that: 1) the passband desired-signal frequency
ω0 is much higher than the frequency separation ∆ω to
the interferers present in the filter input at frequencies
ω1 = ω0 + ∆ω and ω2 = ω0 + 2∆ω; 2) the bias voltage
is much lower than the electromechanical pull-in voltage
at which bias level the resonator becomes unstable; and
3) mechanical nonlinearities in the spring k of Fig. 1(a)
can be ignored as much weaker than the capacitive trans-
ducer nonlinearities. With these assumptions, (23) of [10]
simplifies as

SIR =
8 |∆ω| ω0 V 2

bias

√
Psig

5ω2
e R′

S Pint
√

Pint
, (9)

where ωe ≡
√

ke/m. It is convenient to use (9) for filter
design instead of the general solution of [10] because (9)
can be solved for the gap d in the closed form (ωe and R′

S

are functions of d). The AC-source powers (see Fig. 1) for
the signal and interference are Psig = V 2

ac,sig/(2Rac) and
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Pint = V 2
ac,int/(2Rac), respectively. The AC power corre-

sponding to the IIP3 is related to the SIR as

PIIP = SIR

√
P 3

int

Psig
. (10)

When the interferers are inside the passband, we have [9]

P IB
IIP =

V 2
bias

R′
S

√
(6q3 + q/2)2 + 9q4

, (11)

where q ≡ Q′ ω2
e/ω2

0 = Q′ ke/k
′.

C. Insertion Loss

The passband voltage gain is

GV =
Vout

Vac/2

=
2

ω0C′
L(R′

S + nRem + R′
L)

|1 + jω0C
′
LR′

L|
|1 + jω0C0Rac|

, (12)

where n is the filter order and R′
S , Rem, R′

L, Rac, C′
L, C0,

Vac, and Vout are as shown in Fig. 1. We note that with a
dominantly capacitive termination (|1/ω0C

′
L| > R′

L) it is
possible to obtain voltage gain because the filter acts as
an RLC impedance transformer.

III. Model Verification

The validity of the analytical SIR model has been veri-
fied by harmonic-balance Aplac� circuit simulations [13],
[14] and experiments for single-stage filters [9], [10]. In
what follows, simulations with one-, two-, and three-stage
filters are performed to show that the analytical SIR model
can also be applied for higher-order filters as well. More-
over, by analyzing 1-GHz MEMS filters and comparing
their performance to GSM specifications, it is shown that
the simplified expressions (9) and (11) suffice to estimate
the linearity properties of MEMS filters.

A. 13-MHz Band-Pass Filters

We consider the one-, two-, and three-stage filters of
Fig. 1 with the 13-MHz bulk acoustic wave (BAW) MEMS
resonators of [10] where Q = 47000 but with a reduced gap
of 25.5 nm in order to have a low mechanical impedance
of 38 Ω. The other relevant resonator parameters are sum-
marized in Table I. We use Cgnd = 20 pF and Cgnd = 30
pF for the two-stage and three-stage filters, respectively.
Furthermore, we use a resistive termination with CL = 0
and RL = Rac in Fig. 1. What is not included is a parasitic
feed-through capacitance between input and output that
would reduce the stopband attenuation of the filters but
would not affect the intermodulation properties.

Fig. 2 shows simulated responses of the filters with 2 Ω
(unloaded, Rac � Rem) and 450 Ω (loaded, Rac � Rem)

TABLE I
Parameters for the BAW Resonator.

k 16.3 MN/m fres 13 MHz Q 47000
d 25.5 nm C0 2 pF Upi 38 V

Vbias 3.8 V η 335 µFV/m ke 51 kN/m
Rem 38 Ω Lem 22 mH Cem 7 fF

Fig. 2. Unloaded (a) and loaded (b) responses of the filters composed
of one, two, and three BAW resonators, as shown in Fig. 1. The
desired-user frequency ω0 for the SIR results of Fig. 3 is marked
with a dot.

source and load impedances. The 450-Ω source and load
yields Q′ = 1900 for the in-circuit quality factor (1) of the
resonator. The unloaded case is not useful as a filter due
to the large insertion loss and ripple in the passband. The
loaded cases demonstrate that, with increasing filter order,
the stopband slope steepens but the insertion loss increases
also due to the increasing series resistance at resonance.

Fig. 3 shows the analytic and simulated SIR for the fil-
ters with ω0 as indicated in Fig. 2. A different choice for
ω0 within the passband would be equally justified. The
analytic results, calculated with the exact formulas of [10]
for the single-stage filter, are in excellent agreement with
the simulations. Moreover, for out-of-band interferers with
∆ω → ∞, the approximate expression (9) (marked as ap-
proximation in Fig. 3) becomes valid. It is seen that outside
the passband the unloaded single-resonator result is also
valid for the higher-order filters as well as for the tightly
coupled filters provided that the loaded quality factor of
(1) and the Thévenin-equivalent input voltage of (8) are
used. Intuitively, this is to be expected because for the out-
of-band interferer frequencies, the resonator impedances
are high and the resonators are therefore only weakly cou-
pled. Thus, the first resonator and the first transducer
effectively set the SIR. At some frequencies close to the
passband edge, the numerical harmonic-balance simulation
does not converge for the unloaded two-stage and three-
stage filters. This is seen in the discontinuities of the cor-
responding curves of Fig. 3 with Rac = 2 Ω.
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(a)

(b)

Fig. 3. Signal-to-intermodulation ratio as a function of the interferer
frequency separation ∆f = ∆ω/(2π) for the filters of Fig. 2. (a) SIR
as a function of ∆f for the filters of Fig. 2 with a −20 dBmV desired
signal at ω0, marked with a dot in (b) and in Fig. 2, and with 0 dBmV
interferers. The result given by (9), used in this paper for filter design,
is marked approximation. (b) In-band SIR for the loaded two-stage
and three-stage filters in (a) with ∆f = 20 Hz and with the signal
frequency f0 = ω0/(2π) swept across the passband.

For the single-stage filters in Fig. 3, the in-band ap-
proximation (11) approaches the exact results as ∆ω → 0.
Namely, (11) and (10) give SIR = −13.4 dB (IIP3 =
3.3 dBmV) and SIR = 67 dB (IIP3 = 43.5 dBmV) for the
unloaded and loaded single-stage filters, respectively. The
higher source and load resistances result in a lower loaded
quality factor of the filter and thus a higher SIR. The devi-
ation of the analytical estimate from the simulated results
for the unloaded filter, when ∆f → 0, is understood since
the interferer voltage of 0 dBmV is of the same order as
the IIP3 input voltage of 3.3 dBmV. Consequently, for such
strong interferers, harmonics higher than third order, that
are not taken into account in theory, become important
and reduce the gain for the IM3 products.

For the higher-order filters, the in-band SIR is seen to
depend on the chosen ω0 within the passband as demon-
strated in Fig. 3(b). This is expected because the S21 also
has ripples as the coupled resonators move in and out
of phase. However, the single-stage approximation is still
shown to be a good order-of-magnitude estimation.

TABLE II
Parameters for the 1-GHz Filter Configurations.

∗

A B C Units

Vbias 40 147 16 V
d 30 30 10 nm
ωe 152 560 316 106 rad/s
Rac 1000 50 50 Ω
R′

S 690 49.9 49.5 Ω
Rem 663 49 51 Ω
C0 93 93 278 fF
Q′ 2500 2500 2600
f ′ 1.149 1.143 1.148 GHz

GV −16 8.3 6.7 dB
∗(A) The theoretical resonator of [7]; (B) same as (A) but scaled to
Rem ≈ 50 Ω by increasing the bias voltage; (C) same as (A) but
scaled to Rem ≈ 50 Ω by reducing the gap.

TABLE III
SIR for the Resonators of Table II Used as a Filter for

GSM 900.
∗

GSM 900 resulting SIR
∆f Pint A B C

−10 0 −2 14 −10 outside GSM-RX band
−3 −23 55 63 44

−0.6 −43 96 87 76
0.6 −43 111 90 85
3 −23 59 77 58
10 0 −1 28 −5 outside GSM-RX band

± 10 0 −2 21 −8 (9)
MHz dBm dB dB dB

∗The approximation (9) gives a good estimate for |∆f | = 10 MHz.
The signal power (Psig = −99 dBm) and the interferer powers (Pint)
are as specified in [15].

B. 1-GHz Single-Stage Filters

As another example, we consider 1-GHz single-stage fil-
ters based on the resonators of [7] with k = 373.1 MN/m,
fres = 1.150 GHz, and Q = 5100. The load of the filter is
now taken to be an FET amplifier stage with RL = 1 MΩ
and CL = 1 pF in Fig. 1. This does not reduce the in-
circuit Q value (1) as much as the resistive termination at
both sides of the filter. Furthermore, by effectively tapping
the mechanical RLC resonator, voltage gain becomes at-
tainable, enabling the use of resonators with Rem ∼ 1 kΩ
without introducing significant signal attenuation. The fil-
ter input is thought to be directly connected to an an-
tenna, where different impedances can be realized, but the
different impedance levels can also be realized with a trans-
former. For a given impedance level, the source voltage Vac
is calculated from the source power level.

Table II shows relevant parameters for three different
filter configurations where (A) is based on the resonator
of [7] whereas for (B) and (C) the mechanical impedance
is reduced to Rem ≈ 50 Ω by changing the bias voltage and
the gap. Table III shows the resulting SIR when the filters
(A), (B), and (C) of Table II are used as a front-end filter
for GSM 900. As the filter passband is narrower here than
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the GSM-RX band, one would need a multitude of such
filters with different center frequencies to cover all of the
channels. The filters could be connected in parallel or a
switch could be used to select only one of the filters, corre-
sponding to a particular channel, to be used at a time. The
signal and interference powers in Table III are as specified
for a desired signal and for blockers in [15]. Furthermore,
we assume two blockers of equal amplitude at frequencies
f0+∆f and f0+2∆f to interfere with the desired signal at
f0. The same SIR is found in simulations and with the the-
ory of [10]. The approximation (9) gives a good estimate
for |∆f | = 10 MHz. It is seen that two 0-dBm interferers
at 10-MHz and 20-MHz separation from the desired sig-
nal reduce the SIR below acceptable levels except for filter
(B) for which the bias voltage is not feasible at least in
portable devices. For these interferers, marked as outside
GSM-RX band in Table III, the desired-user frequency is
taken to be at the edge of the GSM-RX band.

As the results in Table III clearly show, the hardest lin-
earity requirements are set by the 0-dBm out-of-GSM-RX-
band interferers at 10 MHz and 20 MHz off the desired-
signal frequency1. As the SIR for the other interferers is
easily sufficient, it is enough to use the simplified expres-
sion (9) as a starting point for filter design. Moreover, suc-
cessful filter design is not trivial and a systematic design
approach is needed. This is developed in Section IV.

IV. Filter Design

In what follows, we derive design criteria for the res-
onator dimensions, transducer gap, Q value, and bias volt-
age from specified in-band and out-of-band filter attenua-
tion and maximum distortion. The criteria yield a system-
atic procedure to design MEMS filters for communication
applications.

A. Out-of-Band Attenuation

For minimum performance, the filter should suppress
the interferers situated outside the systems reception (RX)
band to the same level as the strongest interferers within
the RX band. If this is achieved, the linearity requirement
for the low noise amplifier (LNA) and mixer are set by
the in-band interferers that normally are not affected by
band-select filtering. Denoting the minimum attenuation
at frequency f with respect to the desired-signal frequency
f0 (selectivity) as Amin, the minimum required in-circuit
Q′ value in (1) can be derived. For the single-stage MEMS
filter, this leads to

Q′ ≥

√
A2

min − (f/f0)
2∣∣∣1 − (f/f0)

2
∣∣∣ ≡ Q′

min. (13)

1The intermodulation performance for out-of-band blockers is not
clearly defined in the GSM specifications. However, the out-of-band
intermodulation is known to set the strongest linearity requirements
in code division multiple access (CDMA) design [16]. The out-of-
band intermodulation is therefore considered also for GSM.

Increasing the filter order makes the stopband response
a steeper function of frequency, and thus a lower quality
factor for the resonators is sufficient at the cost of a higher
insertion loss.

B. Out-of-Band Intermodulation

The weakest signal, with power Psig, to be detected in
the presence of interferers, having powers Pint, at f0 + ∆f
and f0 + 2∆f leads to requirements for intermodulation
performance. Typically, this is specified with the minimum
SIR (SIRmin) that the filter needs to satisfy in its output
in order to meet the overall system carrier-to-interference
(C/I) ratio target. Requiring that the SIR be greater than
or equal to the minimum SIRmin gives from (9)

d3 + (ε0Aω0Rac)2d ≥ ε0ARac

m

5Pint
√

PintSIRmin

8|∆ω|ω0
√

Psig
,
(14)

which is also valid for higher-order filters as shown in Sec-
tion II. Result (14) is easily derived after noting that both
ωe and R′

S in (9) are functions of the gap. If R′
S ≈ Rac ⇔

(Racω0C0)
2 � 1, (14) simplifies to

d ≥
(

ε0ARac

m

5Pint
√

PintSIRmin

8|∆ω|ω0
√

Psig

)1/3

. (15)

Eq. (14) and (15) show that to meet the performance re-
quirements given as SIRmin, there is a minimum for the
gap.

C. In-Band Loss

Requiring that the passband voltage gain GV , given by
(12), be greater than a minimum gain Gmin, set by the
insertion loss specifications, gives

QV 2
bias ≥

nd4
√

km

(ε0A)2
{

2
ω0C

′
LGmin

|1 + jω0C
′
LR′

L|
|1 + jω0C0Rac|

− R′
S − R′

L

} . (16)

Thus, once the gap d is chosen, the unloaded quality factor
Q and the bias voltage Vbias need to be chosen to meet the
insertion loss specifications. As the unloaded quality factor
is usually determined by material properties, effectively
this gives a requirement for the bias voltage.

D. In-Band Intermodulation

The in-band intermodulation is estimated from (11) by
considering 1) the signal self distortion, and 2) in-band
interferers. However, typically the out-of-band interferers
give more stringent linearity requirements. Therefore, after
choosing the filter parameters, it is usually sufficient to
check that the filter meets the in-band specifications. If
these are not met, then the filter gap should be increased
and the design adjusted accordingly.
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TABLE IV
Simplified Filter Requirements for GSM 900 [15].

Specification Comment

SIRmin 9 dB (9) ⇒ (14), full rate speech
Gmin −3 dB (12) ⇒ (16), in-band loss

Amin(f − f0 = 10 MHz) 23 dB (13), minimum selectivity

to be met with :

Psig −99 dBm Signal
Pint(∆f = 0 Hz) −49 dBm In-band interferer

Pint(∆f = 10 MHz) 0 dBm Out-of-band interferer

Fig. 4. Test geometry for resonator design showing the resonator
surrounded by the electrodes. The dotted line indicates the vibration
mode shape in the extended state.

V. GSM 900 Filter Design Example

In the following, the usage of the design equations of
Section IV is illustrated by a single-stage MEMS front-
end filter design for f0 = 1 GHz with the requirements of
the GSM 900 mobile device. The simplified requirements
are shown in Table IV. These specifications should be con-
sidered as exemplary performance requirements and a re-
alistic system design may set more or less stringent goals.

A. Resonator Geometry

Let us now, as a simple example, consider a bar ge-
ometry shown in Fig. 4. The resonating dimension is x =
λ/2 = v/(2f0) ≈ 4 µm for f0 = 1 GHz. Here v =

√
Y/ρ

is the bulk acoustic wave velocity with ρ = 2330 kg/m3

the density and Y = 168 GPa the Young’s modulus of
silicon. This simple geometry can also approximate the
ring geometry [17], shown at the right-hand side of Fig. 4,
when the ring radius L/(2π) is much larger than the ring
width x. The capacitive transducers at both sides of the
resonator have an area of A = HL and rest capacitance of
C0 = ε0HL/d, where d is the gap. The effective mass and
spring coefficient are now [18]

m = ρLxH/2, (17)

k = π2Y LH/(2x). (18)

Fig. 5. Minimum gap (14), determined by the maximum out-of-band
intermodulation, for the resonators of Fig. 4 with H = 10 µm.

B. Minimum Quality Factor

From the minimum interference attenuation require-
ments in Table IV, one obtains (13) Q′ = 700 for the
minimum loaded quality factor. For channel-select filter-
ing, the passband is 200 kHz, corresponding to a much
higher in-circuit quality factor of Q′ = 5000, which would
also be enough for Amin = 40 dB at 10 MHz off the pass-
band in (13), as typically satisfied by commercial FBAR
filters.

C. Minimum Gap (Linearity)

Given the resonator geometry, the minimum gap dmin
is solved from (14). Fig. 5 shows the minimum gap for
Rac ∈ {10, 50, 200, 1000} Ω as a function of the transducer
length L with H = 10 µm. For small L, (15) is a good
approximation and gives, for example, dmin = 19 nm and
dmin = 33 nm for Rac = 10 Ω and Rac = 50 Ω, respectively.
With increasing L, the effect of increasing C0 requires the
use of (14). As Fig. 5 illustrates, the minimum gap dmin
increases with increasing source impedance Rac. This is
due to increase in source voltage level Vac for given source
power.

D. Minimum QV 2
bias (Insertion Loss)

We now set the gap close to its minimum value for the
resonators of Fig. 5, say, d(L) = dmin + 3 nm, after which
C0 and the other needed parameters are determined in
order to calculate the minimum value for QV 2

bias in (16).
In what follows, two architectures are considered: 1) the
conventional resistive termination, and 2) an integrated
filter where the filter output is directly connected to a
capacitive FET LNA load while the filter input is fed from
a resistive source such as an antenna.

Fig. 6 shows the calculated minimum QV 2
bias for three

different loads: a resistive load and two different capacitive
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loads. Note that in Fig. 6, the d(L) = dmin + 3 depends
on the resonator length L and is obtained from Fig. 5.
The central challenge in MEMS filter design for portable
low-voltage devices, namely, very high QV 2

bias, is clearly il-
lustrated. To calculate the actual filter parameters, we as-
sume Q = 5000 and H = 10 µm. Table V summarizes the
selected filter designs that are indicated in Fig. 6 with cir-
cles and labels (A) and (B). All designs of Table V, except
the one with a 1-kΩ resistive load, satisfy the requirements
in Table IV. For the resistive 1-kΩ load, the loaded qual-
ity factor is too low for (9) to be a good approximation
for the SIR. A solution would be to correct the design by
requiring a somewhat higher SIRmin. It is also seen that
with the resistive load quite a large resonator size and a
small electrode gap are needed.

As is evident from (12), terminating the resonator with
a capacitive load enables voltage gain as the resonator
RLC circuit is effectively tapped. Consequently, a capac-
itive load of CL = 1 pF corresponding to a typical LNA
FET input, would allow a more realistic filter size. With
an even higher load impedance of CL = 0.1 pF, the filter
could be realized at Vbias < 5 V.

In Fig. 6, it was assumed for the gap that d = dmin +
3 nm corresponding to the minimum gap dmin of Fig. 5. If
the minimum achievable gap is determined by the fabrica-
tion process, Figs. 7 and 8 may be used to determine the
minimum QV 2

bias for capacitive and resistive loads, respec-
tively. It is seen that for a fixed gap, there is an optimal res-
onator size resulting in the lowest QV 2

bias. For a capacitive
load (see Fig. 7), a smaller source impedance Rac results
in smaller QV 2

bias as larger impedances load the resonator
more and thus reduce the attainable voltage gain from the
resonator. The opposite holds for resistively terminated
resonators as shown in Fig. 8. That is, for a resistive load
with fixed gap, the source and load impedances should be
large in comparison to Rem to minimize the insertion loss.

E. In-Band Linearity Check

For the in-band interference with Pint = −49 dBm [15]
and a signal with Psig = −99 dBm, (10) with a minimum
SIR of 9 dB gives the requirement of

P IB
IIP ≥ −19.5 dBm ≡ P IB

IIP,min, (19)

where P IB
IIP is given by (11). As shown in Table V, all de-

signs satisfy the in-band linearity requirement.

VI. Conclusions

In this paper, the capacitive MEMS filter design was
analyzed and the trade-off between linearity and insertion
loss was qualified. For simplicity, a single-stage filter was
considered and it was assumed that several filters would
be in parallel to cover the entire RX band. For GSM, this
would require more than ten filters which may be imprac-
tical. However, as the SIR analysis was shown to be valid

(a)

(b)

(c)

Fig. 6. Minimums of QV 2
bias (16), determined by the maximum in-

band loss of the filter, corresponding to the resonator geometries of
Fig. 5 with d(L) = dmin + 3 nm. The circles labeled (A) and (B)
correspond to the designs of Table V. (a) Resistive load (CL = 0,
RL = Rac); (b) capacitive load (CL = 1 pF, RL = 1 MΩ); (c) ca-
pacitive load (CL = 0.1 pF, RL = 1 MΩ).
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TABLE V
GSM 900 Filter Designs

∗
Indicated with Circles in Fig. 6.

Load Selected SIR SIR [10] SIR [10] P IB
IIP GV

impedance case in Rac L d Vbias Rem Q′ Eq. (9) ∆f < 0 ∆f < 0 Eq. (11) Eq. (12)
in Fig. 6 Fig. 6 [Ω] [µm] [nm] [V] [Ω] Eq. (1) [dB] [dB] [dB] [dBm] [dB]

Resistive load (A) 200 500 37 24 52 1500 10 11 9.7 34 −3
Fig. 6(a) (B) 1k 500 12 15 1.5 1400 11 17 5.6 15 −2.9

Capacitive load (A) 10 200 22 6.4 230 4800 13 13 12 30 −2.6
1 pF, Fig. 6(b) (B) 200 300 48 37 102 2200 10 11 9.6 29 −3
Capacitive load (A) 10 100 22 4.7 841 4900 13 13 12 33 −2.6
0.1 pF, Fig. 6(c) (B) 50 200 36 9.8 690 4700 12 12 11 33 −2.9
∗In all designs H = 10 µm and Q = 5000.

Fig. 7. Minimum of QV 2
bias, for a filter with capacitive load (CL =

0.1 pF, RL = 1 MΩ), and fixed gap sizes of d ∈ {20, 40, 60} nm.

Fig. 8. Minimum of QV 2
bias, for a filter resistive load (RL = Rac) and

a fixed gap size of d = 60 nm.

also for multi-stage filters, the conclusions also hold for
higher-order pass-band filter designs. What is different for
higher-order filters is that the losses in each stage add up
and, consequently, the motional resistance has to be even
lower than for the single-stage designs.

After the analysis, a systematic procedure to design
MEMS band-pass filters was formulated. It was found de-
sirable to utilize the high resonator quality factor for volt-
age gain that is enabled by capacitive load termination at
the output of the filter. This is possible in integrated re-
ceiver architectures, where 50-Ω transmission lines are not
needed between the antenna and the filter and between
the filter and the LNA.

Using dielectric other than air/vacuum for the electrode
gap has potential in lowering the electrical impedance, thus
alleviating the need for a very narrow gap [19]. The analy-
sis procedure derived in this paper can be directly applied
for such devices as long as an appropriate value for per-
mittivity is used.

The analysis in this paper was mainly theoretical and
only few references were made to manufacturing where sev-
eral challenges remain: 1) The gap should be reduced below
30 nm to enable bias voltages of the order of 5 V; 2) The
dimensional tolerances of the filters, manufactured with
lithography, are poor, leading to wide variations in cen-
ter frequency; 3) The parasitic feed through capacitance
may limit the filtering performance, and differential read-
out may be required. If these challenges are addressed,
MEMS filters can have a large economic potential.
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