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Forming Low-Impedance
MEMS Bandpass Filters

Several resonator design architectures were developed to achieve the lower input and
output port impedances needed for modern wireless communications applications.

andpass filters based on
microelectromechanical
structure (MEMS) technol-
ogy potentially offer reli-
able electrical performance in small
sizes. MEMS bandpass filters can be
manufactured in several ways and, to
compare two methods, filters were
developed using single-annular-res-
onator (SAR) and soft mechanically-
coupled-annular-resonator (MCAR)
modules. The prototypes had center
frequencies at 850 MHz and 2.4 GHz

and featured close agreement between their simulated and
measured characteristics. The main difference in the two
MEMS filter approaches is the wider bandwidth provided by

the soft MCAR filters.

1. This photograph shows a miniature variable

capacitor.

Bandpass filters with small sizes have been

structures have been employed in
multipole lumped-element bandpass
filters, but the passband insertion loss
has been between 6.6 to 7.3 dB through
2.8 GHz, which not acceptable for
modern wireless communications
applications. This design technique
also suffers low Q and requires a
space-consuming inductor.?

High Q bandpass RF filters using
MEMS oscillators have also been
explored by various researchers.

They are usually compact in size and

require few components with lower cost than traditional
filter designs.> Figure 2 shows a typical filter fabricated with
this technique.# The approach yields passbands around 8

produced in a number of ways, including
with piezoelectric techniques and with
capacitor arrays. The use of piezoelectric
components, such as crystals and film bulk
acoustic arrays (FBARs), yield high quality-
factor (Q) bandpass filters as used in cellular
telephones. However, the frequency of a
piezoelectric component is determined
primarily by its thickness, making it difficult
to achieve multiband filters on the same chip
without separate structural film depositions.
In addition, FBAR filters are usually bulky
compared with MEMS filters, which may limit
their use in future mobile communications
applications. !

MEMS capacitive membrane switches have
been used in bandpass filters covering 110
MHz to 2.8 GHz (Fig. 1).> Variable capacitor
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2. The photograph shows a
MEMS device fabricated for RF
use, with the plot showing the
passband response.
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3. Two research groups explored the possibil-
Support beam . o . .

ity of designing low-impedance MEMS filters
using RBAR technology, from (a) ref. 3 and (b)

ref. 5.
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not suitable for modern communications

applications.®

To achieve low-impedance RF bandpass

(a) (b)

MHz with Qs from 40 to 450 (percent bandwidths from
0.23% to 2.5%). Passband insertion loss is less than 2 dB, with
spurious-free-dynamic-range (SFDR) performance of 78 dB.
Unfortunately, this approach results in filters with high input
and output termination resistances, on the order of 12 kQ.41In
general, this type of high impedance is a major barrier to the
use of MEMS filters in RF applications.

Separate efforts at the University of California at Berkeley
and the University of Michigan investigated low-impedance
MEMS filters using the radial bulk annular resonator (RBAR)
concept (Fig. 3).>° In concept, the approach can readily
achieve impedance of less than 50 (), and the frequency of an
RBAR filter has first-order independence of thickness. Both
research groups worked with high-temperature processed
polysilicon (poly-Si) as the resonator material. The material is
difficult to handle during fabrication, and no low-impedance
filters were fabricated successfully. In addition, although the
RBAR approach can achieve very high Q (14,603 at 1.2 GHz),
its single-resonator structure exhibits a narrow bandwidth

Sense

K electrode

Drive
electrode

filters, original research was performed by

the authors on the mechanically coupled
annual resonator (MCAR) concept. The main component of
an MCAR design is a single annular resonator (SAR), which
is similar to an RBAR (Fig. 4). It consists of a drive electrode,
an SAR ring, and a sense electrode. Each is attached to the
substrate by four posts.

The operating principle of a SAR is simple: electrical input
signals are converted to mechanical energy, processed (with
high Q) in the mechanical domain, and then converted back
to electrical signals at the output port for further processing by
subsequent communications transceiver stages. For operation,
a dc bias voltage, Vp, is applied to the SAR ring and an ac
signal, Vy, is applied to the drive electrodes (Fig. 4). Voltage
V4 generates an electrostatic force radially on the SAR ring at
the ac input frequency. When the frequency of V4 matches
one of the ring’s resonant frequency modes, the ring starts to
vibrate. An SAR can be modeled electrically as a parallel LCR
circuit (Fig. 5).357:8

As reported in ref. 4, Eq. 1 is valid for rqv >> Wy, eg, 1gy
>2Wp

f=~(12Wy)(E/p)°5 (1)

where E is Young’s modulus and p is the mass density of
the SAR material. Equation 1 indicates that the resonant
frequency is independent of thickness, t. Thus, a SAR’s
resonant frequency is insensitive to process variations in
thickness. As a result, filters with different frequencies
for multiband and RF channel-selection applications can
be fabricated with one structural film deposition on one
chip. This is a distinct advantage over most piezoelectric

counterparts (e.g., FBAR and crystal filters), which require
distinct material thickness to correspond to certain
frequency. To build filters with multiband frequencies via
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4. This is the layout, cross-sectional view, and operating scheme for a

single annular resonator (SAR).

the piezoelectric approach requires several structural film
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5. This equivalent LCR circuit represents an electrostatic MEMS

resonator.
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6. These layouts show (a) a SAR, (b) an MCAR consisting of two SARs, and (c) an MCAR con-

sisting of three SARs.

depositions and patterning for different frequencies.”

For rqy >> W,, the impedance, Reg, is given by Eq. 2:

Req = [(Ep)*>/Qmeg?] (gh/2mrytVp?)  (2)

where Q is the quality factor, gy is the permittivity of a

vacuum, Vp is the resonator bias voltage, t is the thickness of
the structural film, and g is the gap width of the drive and

sense capacitors (Fig. 4). Equation 2
indicates that Req for an SAR is inversely
proportional to the average radius and
independent of W, and the insertion loss
is independent of its resonant frequency.’

To save die area, several small SARs
can be combined to form an MCAR
rather than fabricated one large SAR. A
shown in Fig. 6, ray1 (a) =21,y (b) = 31,3
(c). Because the MCAR in b consists of
2 SARs, and the MCAR in (c consists
of 3 SARs, both MCARs have the same
capacitive area as the single SAR of a.
Obviously, as the number of SARs in an
MCAR increases, the area of the MCAR
shrinks for the same capacitive area. It
should be noted that this area shrinkage
is not unlimited, because the frequency value from the Eq. 1
only valid when r,, > 2W,. In other words, the inner radius of
the SAR ring should be at least two times larger than the width
of the SAR ring.

One method for lowering the impedance (motional
resistance) of MEMS resonators is to combine currents from
several resonators to produce a larger summed current. This
can be done by connecting several resonators with identical
frequency responses in parallel and driving them with the same
input source, v4. The total current through

Tvd the resonator array for the same input voltage
vi=+1Vde . o
' v4 is the individual resonator output current

times the number of resonators in the array
(Fig. 7a). The impedance is reduced by
increasing the number of resonators.3-10
In reality, dimensional variations of
resonators is unavoidable due to process

variation, and these physical variations

will cause variations in the frequencies of
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7. Higher outputs can be achieved by electrically coupling three identical resonators
(a), although even a 0.01% mismatch in resonator frequencies (b) can impact the output

performance.

<

Insertion loss

3dB

Ripple

40 dB

Stopband 3-dB bandwidth

rejection

40-dB bandwidth

Transmission (dB)

Y

Frequency

(40-dB bandwidth)

40-dB shape factor =
(3-dB bandwidth)

Frequency (MHz)

8. This is the pass-
band and rejection
band of an ideal

bandpass filter.

63.8 63.9 resonators even when they are on the same
wafer. A small mismatch in the frequency of
the resonators in an array (ie., 0.01%) can
dramatically impact the signal output (Fig.
7b). The high ripple is unacceptable for most
communications applications.

Mechanical coupling offers a superior
solution to the mismatching problem. Multiple
(n) resonators can be coupled mechanically,
such as the MCARs shown in Figs. 6b and c,
to achieve a mechanical filter structure. Soft-
spring-coupled resonators exhibit n modal
frequencies, and each mode corresponds
to a specific frequency and modal shape.”>
% 11 In contrast, stiff-coupled resonators

automatically generate a single resonance
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9. The layout of a soft MCAR (a) is compared to the three-dimensional (3D) view (b).

response (i.e., mode) from all resonators, without the need for
absolute matching of individual resonator responses.'?

A stiff coupling structure may not increase the bandwidth,
but many applications require only a small percent of the
bandwidth. An industry-acceptable bandpass filter should
have flat passband response, sharp rolloff, and high stopband
rejection (Fig. 8). To achieve these qualities, a “soft MCAR”
concept was developed for bandpass filters. In a soft MCAR,
the SAR rings are coupled by a one-quarter-wavelength
coupling beam, which acts as a soft coupling spring. As shown
in Fig. 9, two adjacent SAR rings are connected with a beam
which is about one-quarter wavelength in length. The quarter-
wavelength coupling is a state-of-the-art technique used to
expand the bandwidth.8

Under a quarter-wavelength condition, the coupling beam
dimension should satisfy the condition of Eq. 3, and its
stiffness will be determined by the beam dimensions (Eq. 4):

sinh(a)cos(a) + cosh(a)sin(a) =0 (3)

The relationship between the bandwidth (B) for a filter with

center frequency f; and various stiffnesses is
shown by Eq. 413

B= (fO/kc)(ks/kr) (4)

where k. is a normalized coupling
coefficient derived from a ratio of resonance
and 3-dB cutoff frequencies in a lowpass
prototype for the desired filter, and is
listed in filter cookbooks.!# The coupling
beam stiffness is determined by the beam
dimensions (Eq. 5):

K, =[EIa3(sina+sinha)]/{Lg[cosa(cosha

-DI} (5)

with
a = L pWhw?/(E1)]02°

and
I, = Wsh3/12

where Wy is the width of the beam; h is the thickness of the

beam; and Lg is the length of the beam. Similarly, the resonator

stiffness can be calculated from its dimensions.!”

The quality factor Q can be calculated from Eq. 68:
Q= 1/PBW = kc(ks/kr) (6)
where Py, is the percent bandwidth and Q is determined by

the soft coupled structure. The resistance of the termination
resistor R; can be calculated from Eq. 7°:

Ry = R{[Q/(q:Qfr)] - 1} (7)

where Q is the unloaded quality factor of the constituent
resonators; Qgier = fo/B; R, is the series motional

1.E+12

1.E+10
Percent bandwidth

Q=100
Pawy = 1%

1.E+08

1.£+06 Qfilter

Filter Q

1.E+04

1.5+02

1.E+00

resistance [which can be obtained from the

5 actual filters using a vector network analyzer

(VNA)]J; and q; is a normalized parameter that
can be obtained from a filter cookbook.1*

From Eq. 6, the ratio of k./k is another factor

that provides sufficient percentage of bandwidth

(Ppw). Parameter k. is a normalized coupling

w
Percent bandwidth (%)

coefficient derived from a ratio of resonance and
3-dB cutoff frequencies in a lowpass prototype
0 for the desired filter, and is listed in filter

0.E+00  5.E-07 1.E-06 2.E-06  2.5E-06
L, = position between two posts (mm)
10. This simulated plot of filter Q, Qfilter, also includes percent band-

width versus coupling position with a kr/ks ratio of 7 x 10-7.

3.E-06 3.5E-06

cookbooks.!# For a filter with 0.5-dB ripple, k,
is 0.72.14 Parameter k, is a dynamic resonator
stiffness factor and is a function of locations
along resonator length between two restraining anchor posts,
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11. The images show the process flow used in the fabrication of the
MEMS bandpass filters.

as shown in Eq. 88:
ke = [(Bwch®)/4][(1/L:) + 1/(Lyg - Lp)’] (8)

where E, w, and h are Youngs modulus, the width of the
resonator, and the height of the resonator, respectively.
Parameter Ly is the partial circumference (e.g., the length
between two adjacent posts) of the resonator ring.

According to the process constraints of the fabrication
facilities, the coupling beam dimensions were Lg = 1 pm, Wy
=1 um, and h = 2 um. In this case, the quarter-wavelength
conditions (Egs. 3 and 4) were satisfied, with a k,/k ratio of
7 x 107, The Qgyier and Ppyy versus coupling position were
simulated (Fig.10). The coupling beam was placed very close
to the anchoring post at L, = 2 to 3 um, with Pgy = 1% and
Q =100.

Aluminum was selected as the ring and electrode material
for the SAR, and Si wafers covered with oxide were used as
substrates. Figure 11 shows the process flow. Two sacrifice
layers of different materials were used in the process as
shown in Figs. 11a and c. Figure 12 shows a scanning electron
microscope (SEM) shot of the processed resonator ring.

Images of the final fabricated SAR and soft MCAR filters are
shown in Figs. 13 and 14, respectively. A commercial vector
network analyzer (VNA), a model ZVB 20 from Rohde &

13. This is an image of
a fabricated SAR filter.

12. This SEM image
shows that the width
of the resonator ring
was about 3 pm.

Schwarz (www.rohde-schwarz.com) with frequency range of
10 MHz to 20 GHz and a DC power supply, a model E3630A
from Agilent Technologies (now Keysight Technologies;
www.keysight.com), were used for RF testing (Fig. 15). A
probe station was used for the on-wafer RF measurements. A
customized setup was used to maintain the resonator under
low vacuum conditions during measurements. A rubber tube
connecting the mechanical vacuum pump at 6 mTorr was
manually positioned at the resonator location to provide the

RF cable (50 Q) [“

* Input electrode %

Resonator ring

Bias-tee Output  Bias-tee

electrode
Agilent E3630A power supply

T i e

Connect fo resonator ring

o= B8 g
15. The two-port test setup including a high-performance micro-
wave VNA.
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vacuum environment.

The current research work has focused on demonstrating
SAR and MCAR concepts. To simplify the design, processing,
and testing of the experimental devices, not all circuit design
rules were followed, such as the proper ground-signal-ground
(GSG) wire coupling layout. Large wire dimensions and pads
(about 3 mm) were used for ease of testing, with some signal

loss as a result. When the experimental devices were tested
without DC bias, even for devices with only the wire layout
(the first layer of the structure), a broad peak of S;; (the
through signal) around 1 GHz was observed, indicating signal
loss through radiation from wires. To eliminate the effects of
radiation loss, the S;; signal value of the resonator ring was
deducted from the signal value when it was at a bias of 0 V dc.
When it was at a bias of 10 V dc, the resonant

Sy (+10V dc) = Sy (0 V dec)—dB

4.00E-01
3.00E-01 frequencies of the SAR and soft MCAR were
’ ~850 MHz .

2 00E-01 (bandwidth ~20 MHz) observed (see table, Figs. 16-18).
1.00E-01 As demonstrated by the SEM of Fig. 12, the
0.00E+00 resonator width was 3 mm, corresponding to a
~1.00E-01 resonant frequency of 850 MHz according to Eq.
2 00E-01 1. Measurement results matched the simulated
_3.00E-01 values. Figure 16 shows measurement results
—4.00E-01 of a SAR resonator, which exhibited a resonant

N » N » X Q X Q - :

00@0 00@0 00((’,(0 00@0 QQ?’XQ 00@0 \Q%XQ 'LQ(('XQ %Q%XQ frequency of ~850 MHz. The peak signal at 850
5 b’ 1 @ q: A A A A MHz was only 0.3 dB above the background

Frequency (Hz)

16. The RF filter response was plotted for an SAR filter versus frequency at 10 V dc

activation voltage (resonator width of 3 pm).

noise, indicating that RF circuit design and the

MEMS process need to be improved.
Measurement results for the soft MCAR

also agreed with design simulations on the

6.00E+00
4.00E+00

2.00E+00
0.00E+00
-2.00E+00
-4.00E+00
-6.00E+00
-8.00E+00

~850 MHz
(bandwidth ~84 MHz)

Sy; (+10V dc) - Sy (0 V dc)—dB

soft coupling ring. Figure 17 shows the
measurement results for a soft MCAR with
3 mm ring width. Again, it demonstrated a
resonant frequency of 850 MHz, but with a
wider bandwidth of 84 MHz (10% of center
passband frequency). The reason for the
wider bandwidth was due to the insufficient
vacuum environment of the resonator during

X

)
3

Frequency (Hz)

17. RF filter response was plotted for a soft MCAR filter versus frequency at 10 V dc

activation voltage (resonator width of 3 pm).

S

a o mMmeasurement (>10 mTorr), as it is well known
QQ,XQ @Q}‘Q higher vacuum (<107 Torr) offers narrower
N N bandwidth for resonators.2
Measurements on a resonator with 1-mm
width provide additional support for the
MEMS filter design concept. The soft MCAR

has a resonant frequency of 2.4 GHz

OMPA D O AND A O
AR ATED SARs AND SO A with bandwidth of ~150 MHz (Fig.
18). The resonant frequency data also
: : : agrees with the calculation results
Designed Designed Designed Measured from Eq. 1.

Resonant 850 MHz 850 MHz 2.4 GHz 2.4 GHz The bandwidth is larger than
frequency expected. However, this problem
fav (M) & o 2 2l can be resolved by applying
g (nm) 40 120° 40 80° sufficiently high vacuum through
t (um) 2 2 2 2 a better experimental setup—e.g,
W, (um) 3 3 1 1 using a turbopump instead of a
Req (Q) 44.7 6952 224 1480 mechanical pump alone. In real device
(5520)° (1130)° applications, high vacuum for the
9This was evaluated using SEM.The larger tah designed gap dimension might be due to the deposition resonator will be achieved by proper
error of the second sacrifice layer. packaging and hermitically sealing, as

bThis was calculated from the actual gap dimensions using Eq. 2. . .
widely used by mature technologies

MWRE.COM



. 200E-01 wider bandwidth than SAR filters. Although
_|° 1.50E-01 2.4 GHz the bandwidth is larger than expected, the issue
3 1 00E-O1 (bandwidth ~150 MHz) can be resolved by improving the experimental
> 1.00E-
= setup to provide a better vacuum testing
& 5.00E-02 environment. The impedance results were also
.‘l; 0.00E+00 promising at <1.5 kW with an activation voltage
> of 10 V dc. The researchers are confident in
2 -5.00E-02 . . .
= being to achieve an impedance of 50 Q by
" ~1.00E-01 rigidly controlling the fabrication process.
15801 1 1 1 1 1

6.00E+08 1.10E+09 1.60E+09 2.10E+09 2.60E+09  3.10E+09

Frequency (Hz)

18. The RF filter response was plotted for a soft MCAR filter versus frequency at 10V dc

activation voltage (resonator width of 1 pm).

employed by shock sensor applications.

The impedance of a device under test (DUT) can be
calculated using Eq. 9:

S11=Zin - Zo)/(Zin + Zg)  (9)

where Z;, equals 50 Q (since measurements were
normalized at 50 Q) and Z was the impedance of a resonator
under test.

RF signal loss was observed at bare wires and pads of
fabricated devices. Thus, it was difficult to measure the
impedance of the fabricated resonators directly. Instead,
impedances of resonators before and after 10-V dc activation
were calculated from the corresponding S;; VNA data. It was
then assumed that the activated device was in parallel with
the radiation part of the resonator when it was at 0 V dc. The
calculated results indicated that the impedances were close
to the values provided by Eq. 2, as shown in the table. An
impedance of 1,480 Q) was reached—much lower than other
MEMS concepts.

The measurement results demonstrated that the concepts
were sound. The fabricated SARs and soft MCARs exhibited
center bandpass frequencies at 850 MHz and 2.4 GHz,
agreeing with design models. Soft MCAR filters showed
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