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Abstract—The introduction of a 39nm-gap capacitive trans-

ducer, voltage-controlled frequency tuning, and a stress reliev-

ing coupled array design has enabled a 0.09% bandwidth 223.4-

MHz channel-select filter with only 2.7dB of in-band insertion 

loss and 50dB of out-of-channel interferer rejection. This 

amount of rejection is more than 23dB better than a previous 

capacitive-gap transduced filter design that did not benefit from 

sub-50nm gaps. It also comes in tandem with a 20dB shape factor 

of 2.7 realized by a hierarchical mechanical circuit design utiliz-

ing 206 resonant micromechanical circuit elements, all contained 

in an area footprint (sans bond pads) of only 600m×420m. The 

key to such low insertion loss for this tiny percent bandwidth is 

Q’s >8,800 supplied by polysilicon disk resonators employing for 

the first time capacitive transducer gaps small enough to gener-

ate coupling strengths on the order of (Cx/Co) ~0.1%, which is a 

6.1× improvement over previous efforts. Defensive strategies 

built into the array-composite design hierarchy counter process 

variations via electrical stiffness tuning, and alleviate stress by 

allocating displacement-buffer devices to increase filter perfor-

mance and yield. This filter is the first demonstrated that truly 

offers low insertion loss and high rejection channel-selection for 

ultra-low power communication front-ends targeted for autono-

mous sensor networks. 

Keywords—MEMS resonator, mechanical circuit, quality factor, 

wireless communications, RF channel-selection, capacitive-gap 
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I. INTRODUCTION 

The power consumption of a radio generally goes as the 

number and strength of the RF signals it must process. In par-

ticular, a radio receiver would consume much less power if 

the signal presented to its electronics contained only the de-

sired signal in a tiny percent bandwidth frequency channel, 

rather than the typical mix of signals containing not only the 

wanted signal, but also (often much stronger)  unwanted en-

ergy outside the channel. The more unwanted energy present, 

the higher the dynamic range required of the electronics, 

hence, the larger the power consumption. Unfortunately, a 

lack of filters capable of selecting single channel bandwidths 

at RF forces the front-ends of contemporary receivers to ac-

cept unwanted signals, and thus, to operate with sub-optimal 

efficiency. 

It is no surprise, then, that attempts to realize RF filters 

with percent bandwidths on the order of 0.1% sufficient to 

remove all interfering signals, leaving only energy in the de-

sired RF channel, are abundant in the literature [1][2][3]. Un-

fortunately, so far none of the explored approaches truly 

achieves the needed performance, which demands not only 

small percent bandwidth, but also low passband insertion loss 

and high stop-band rejection. Several approaches explored 

thus far use resonators, e.g., based on piezoelectric materials 

[2][3], that lack the needed Q to achieve low insertion loss in 

so small a percent bandwidth. On the other hand, approaches 

that attain sufficient Q’s on the order of 10,000, e.g., capaci-

tive-gap transduced resonators, so far do not possess enough 

electromechanical coupling to attain 50dB stop-band rejec-

tion at UHF. In particular, although the design of [1], shown 

in Fig. 1(a), achieves the needed 0.06% bandwidth with an 

insertion loss of only 2.5 dB, it does so with only 27dB of 

stop-band rejection. It also requires rather large termination 

impedances on the order of 1.5 kΩ that necessitate the use of 

inductors to resonate out shunt input and output capacitance. 

Finally, its yield of devices with adequately small passband 

 

Fig. 1: Comparison of (a) the filter design presented in [1] with labels indicating 

limitations that hinder performance; and (b) the improved design of this work 

with indicated improvements; both in preferred bias and excitation configura-
tions used to evaluate filter performance. 
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ripple is quite low.  

Pursuant to fixing these deficiencies, this work modifies 

the design of [1] to that of Fig. 1(b), which points out the ma-

jor design changes. Now, smaller electrode-to-resonator gaps 

on the order of 39nm amplify the input/output electromechan-

ical coupling by more than 8.6×, which directly contributes to 

larger stop-band rejection and removes the need for inductors. 

The new design also introduces additional electrodes around 

disks specifically tasked for frequency tuning towards higher 

device yield; as well as carefully designed electrode-less 

buffer devices that alleviate post-fabrication stress, thereby 

also contributing to higher yield. Combined, these design 

changes yield a 223.4-MHz two-resonator filter that employs 

206 resonant micromechanical elements to realize a channel-

selecting 0.09%-bandwidth while achieving only 2.7dB of in-

band insertion loss together with 50dB of out-of-channel stop-

band rejection. This amount of rejection is more than 23dB 

better than that of [1] and comes in tandem with a 20dB shape 

factor of 2.7 commensurate with its use of two array-compo-

site resonators. 

II. HIGH Q AND ELECTROMECHANICAL COUPLING 

REQUIREMENTS FOR RF CHANNEL-SELECTION 

Before expanding on the multi-disk micromechanical fil-

ter design, it is instructive to first review some of the basic 

requirements on the constituent elements of any filter design. 

Like the majority of narrowband filter realizations, the filter 

of this work with all its 206 elements essentially takes on a 

two-resonator version of the topology shown in Fig. 2. Here, 

a number of identical resonators are linked by coupling ele-

ments—in this case shunt capacitors—that serve to spread the 

frequencies of the identical resonators into a wider pass-band, 

such as shown in Fig. 3(a). Given that the resonators consti-

tute the main building blocks of this design, it is no surprise 

that their properties govern what is ultimately achievable by 

a filter using them. 

In particular, any resonator targeting the needs of an RF 

channel-selecting filter must possess both sufficient Q to pre-

vent undue insertion loss; and enough input/output (I/O) elec-

tromechanical coupling to overpower feedthrough currents 

that would otherwise compromise the filter response. Here, 

the ratio Cx1/Co [4] from the circuit of Fig. 2 provides a con-

venient measure of electromechanical coupling strength, the 

value of which must exceed the fractional bandwidth of the 

filter to avoid excessive passband distortion. The degree by 

which it must exceed the fractional bandwidth depends upon 

the filter type and order, i.e., the number of resonators used. 

For example, if the three-resonator filter depicted in Fig. 2 

aims to affect a Chebyshev response, then the (Cx/Co)’s of the 

I/O resonators must be 2.5× larger than the filter fractional 

bandwidth. 

Fig. 3 illustrates the importance of Q and (Cx/Co) for an 

example three-resonator Chebyshev filter, this one centered at 

433 MHz with a 0.1% bandwidth. When using resonators with 

Q’s at least 15× the filter Q and (Cx/Co) at least 2.5× the frac-

tional bandwidth, the desired response in Fig. 3(a) results. A 

drop in resonator Q from the desired 15,000 to just 5,000 

yields the response in Fig. 3(b), which now sports 11.4dB of 

insertion loss—clearly too much loss. On the other hand, a 

drop in resonator (Cx/Co) from the desired 0.25% to 0.05% 

introduces undue passband ripple, as shown in Fig. 3(c). 

Clearly, the filter response is good only when its constituent 

resonators possess sufficient quantities of both Q and I/O cou-

pling. 

Note that the needs of a 0.1% RF channel-select filter dif-

fer significantly from those of conventional 3% band-select 

filters used in today’s handsets. In particular, while conven-

tional 3% filters put a premium on strong coupling, where 

(Cx/Co) ~7% is often needed, and not so much on Q, for which 

500 is often acceptable; a 0.1% RF channel-select filter places 

a high premium on Q, which must often be greater than 

10,000, and not so much on (Cx/Co), for which values on the 

order of only 0.25% are acceptable. 

III. HIGH Q CAPACITIVE-GAP TRANSDUCED DISK 

ARRAY-COMPOSITE RESONATORS 

The mechanical filter of this work is much like the filter 

of Fig. 2, except that instead of LCR tanks constrained to Q’s 

below 100, it uses mechanically coupled arrays of vibrating 

micromechanical resonators [5] capable of achieving Q’s ex-

ceeding 10,000. As shown in Fig. 4(a), each such resonator 

comprises an electrically conductive disk surrounded by elec-

trodes spaced by small gap spacing do from its perimeter, and 

supported at its center by a stem post, as described in Fig. 4(c). 

 

Fig. 2: (a) General topology of a band-pass filter comprising a chain of discrete 

resonator tanks linked by coupling elements. (b) One implementation for (a) 
using LCR tanks as resonator elements and shunt capacitors as couplers. 

 

Fig. 3: Simulated frequency responses of a 433MHz three-resonator RF chan-

nel-select filter with 0.1% fractional bandwidth for different resonator Q and 

(Cx/Co) combinations as (a) Q = 15,000 and (Cx/Co) = 0.25%, (b) Q = 5,000 and 
(Cx/Co) = 0.25%, and (c) Q = 15,000 and (Cx/Co) = 0.05%. 
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To operate the disk, a dc-bias voltage VP is applied to its 

conductive structure (via terminal 3) and ac voltages vi = Vi 

cos(2πft) are applied at each of its electrodes. The combina-

tions of DC and AC voltages applied across each electrode-

to-resonator gap generate forces on the disk structure at fre-

quency f that then actuate the disk into vibration with ampli-

tude governed by its high Q force-to-velocity bandpass bi-

quad transfer function. In particular, when f matches the disk 

resonance frequency fo, the disk responds by vibrating with a 

large resonance amplitude in the radial-contour mode shape 

depicted in Fig. 4(b), where the disk expands and contracts 

around its circumference in a motion reminiscent of breath-

ing. Vibration of the disk gives rise to time-varying capacitors 

at each electrode-to-resonator interface. Since these capaci-

tors have DC bias voltages across them, they generate cur-

rents given by o Pi V dC dt  that then serve as outputs. 

Unfortunately, the tiny size of a single disk relegates it to 

high impedance. For example, a 6.3μm-radius 433-MHz disk 

with 100nm electrode-to-resonator gaps and a DC-bias volt-

age of 15 V posts a motional resistance Rx of 71.8 kΩ which 

is much too large to match to other system components, e.g., 

the antenna. To remedy this, the design this work (like that of 

[1]) employs not one, but several disks with combined inputs 

and outputs that generate input and output currents larger than 

that of a single device by a factor equal to the number of disks 

used. In effect, an array of n disks generates n× greater output 

current for the same input voltage amplitude, effectively re-

ducing the overall impedance by n×. 

Of course, the currents of the devices in an array sum con-

structively only if all devices vibrate in phase and at the same 

frequency. To insure this, as depicted in Fig. 5, the disks in 

the array are mechanically coupled by half-wavelength beams 

that effectively transform the array into a single multi-resona-

tor composite device in which all constituent disks vibrate in 

unison at one mode frequency. Here, the use of half-wave-

length coupling links ideally selects one desired mode and re-

jects all other possible modes. The result: An array-composite 

resonator with substantially lower impedance and greater 

power handling than a single one of its constituents. 

IV. OVERALL FILTER STRUCTURE AND OPERATION 

Again, Fig. 1(b) presents a perspective-view schematic of 

the entire mechanical filter circuit in a preferred differential 

input/output configuration, showing all applied voltages and 

termination impedances, and pointing out key differences 

with the previous one of [1] that allow the present design to 

achieve much improved performance. As shown, the filter 

comprises 96 disks mechanically coupled by 110 beams. 

Many of the disks are surrounded by electrodes spaced only 

39nm from their edge sidewalls to serve as either input/output 

or mechanisms for frequency tuning. Array composite reso-

nators are clearly discernable, and their use represents a first 

level of hierarchy in an overall hierarchical design reminis-

cent of those used in complex VLSI transistor circuits, but 

here used to achieve a complex MSI mechanical filter circuit. 

There are in fact four levels of hierarchy: 

1st Level:  Radial-Contour Mode Disk Resonator  

The polysilicon contour mode disk resonator depicted in 

Fig. 4 and described in Section III comprises the unit element 

and 1st level of hierarchy in the mechanical circuit. In Fig. 

1(b), all disks are h=3m-thick with Rd=12.1m radii, so 

share a common radial-contour mode resonance frequency 

that sets the center frequency of the overall filter. 

2nd Level: Disk Array-Composite 

To reduce termination impedance and raise stiffness to fa-

cilitate small bandwidth, four array-composites of half-wave-

length coupled disks make up the 2nd level of hierarchy. Each 

combines and raises currents, thereby reducing motional re-

sistance, hence, filter termination impedance. 

3rd Level: Differential Array-Composite 

To enable differential I/O, a 3rd level of hierarchy couples 

pairs of array-composites via full-wavelength beams. This 

forces them to vibrate 180° out-of-phase, thereby enabling dif-

ferential mode operation that cancels feedthrough to enable 

large stopband rejection. 

4th Level: Coupled Resonator Filter 

A 4th level of hierarchy couples the differential blocks via 

quarter-wavelength beams that split their resonances, gener-

ating the desired passband and promoting signal subtraction 

in the stopband that increases rejection. 

To operate the filter, a DC voltage is applied to the conduc-

tive structure to amplify forces and electrical outputs, and dif-

ferential electrical inputs are applied through termination im-

pedances (governed by design) to the left-hand terminals. 

 

Fig. 4: (a) Schematic description of a contour mode disk resonator, with (b) 

mode shape and (c) cross-section. 

 
Fig. 5: Schematic description of a λ/2 beam-coupled disk array-composite. 
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These electrical signals are converted to mechanical (e.g., ve-

locity) signals that are processed mechanically by the fre-

quency response of the structure and then converted back to 

electrical signals at the outputs. 

To visually convey how this rather complicated mechani-

cal circuit functions, Fig. 6 presents the expected properly ter-

minated filter frequency response for a simplified 4-disk-ar-

ray version this design, with dotted lines to show its untermi-

nated response, and with FEA-simulated vibration mode 

shapes corresponding to each peak of the response. Here, the 

mode that actuates the quarter-wave coupling springs the least 

generates the low frequency peak; while the mode that flexes 

these couplers the most specifies the high frequency one. 

When the filter is terminated, loading of the resonators widens 

their frequency response spectra, allowing them to add con-

structively between peaks and subtract outside, yielding the 

desired filter response. 

V. FIXES TO PREVIOUS DISK ARRAY FILTER 

DEFICIENCIES 

As can be seen from Fig. 1, many aspects of the design and 

operation of the current filter are identical to those of [1]. This 

is for good reason: [1] is an excellent design. Thus, for more 

details on design and operation, we refer the reader to [1]. 

This leaves more room to focus the present discussion on the 

key differences between the two designs that allows the new 

one to perform so much better. 

The utility of the changes made to improve filter perfor-

mance are perhaps best conveyed by first better describing the 

deficiencies with the previous disk array filter design of [1]. 

As already mentioned, the design of [1] has no issue with in-

sertion loss, since it utilizes capacitive-gap transduced disk 

resonators capable of Q's >10,000 at its center frequency. Ra-

ther, its problems derive more from insufficient transducer 

coupling and yield loss. 

A. Insufficient Electomechanical Coupling 

With 80 nm electrode-to-disk resonator gaps seen in the 

zoom-in of Fig. 1, the coupling factor (Cx/Co) for the base de-

vice used in [1] was only 0.02%. This of course is too small 

to support even its tiny filter bandwidth of 0.06%, so shunt 

inductors were employed across its I/O terminals to eliminate 

Co as much as possible, thereby greatly increasing (Cx/Co). It 

should be noted that use of an inductor here is not an unrea-

sonable approach. Indeed, many of the proposed application 

scenarios utilize banks of filters hooked in parallel to cover a 

range of frequencies. In this strategy, the input capacitors of 

all devices add to generate one much larger capacitor that does 

not change as filters are switched on or off, so can be reso-

nated out via a single inductor [6]. 

Still, if only a few filters were needed instead of a large 

bank, it would be good to avoid the addition of an inductor (or 

two) to the bill of materials for a cost-driven wireless circuit. 

In this case, the filter must attain sufficient (Cx/Co) on its own, 

without an inductor, and this is best accomplished by increas-

ing I/O transducer strength. To this end, one can quickly ob-

serve that the arraying of resonators used in this design does 

not improve the (Cx/Co) ratio, since it raises both Cx and Co 

simultaneously. Rather, the main utility of arraying is to re-

duce impedance and raise power handling and linearity—

three very important characteristics in their own right, but not 

solely tied to transducer coupling. 

The available knobs to improve (Cx/Co) are perhaps best 

revealed via its expression: 
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where εo is the permittivity of free space; Rd is the disk radius; 

θov represents the electrode-to-disk overlap angle in radians; 

E is the Young’s modulus of the disk material; χ relates the 

static mass of the disk to its dynamic mass and equals χ=0.763 

for the fundamental contour vibration mode [7]; and K is a 

dimensionless frequency parameter that depends on the Pois-

son ratio of the structural material. For polysilicon,  K = 0.654 

[7]. Here, the dc-bias voltage VP and spacing do across the I/O 

electrode-to-resonator gaps are clearly the strongest knobs, 

the former having a quadratic effect, the latter a whopping 

third power influence. Given these dependencies, shrinking 

the gaps from the 80 nm of [1] to the present 39 nm delivers 

an 8.6× improvement in (Cx/Co); and accounting for the radius 

term in (1) leads to a total improvement by 6.1×. The (Cx/Co) 

goes from the 0.02% of [1] to 0.12%, which for the present 

two-resonator 0.1% bandwidth filter, is plenty sufficient. 

One consequence of smaller gaps is a higher susceptibility 

to stress, where now even small stresses can push a disk into 

its electrodes, shorting them out and debilitating the whole 

filter. Here, the stress-relieving electrode-less buffer devices 

 
Fig. 6: FEA simulated mode shapes of a two-pole differential coupled disk filter 

network, where λ/4 coupling beams split the resonances of the coupled differ-

ential arrays to (a) out-of-phase and (b) in-phase modes of the system to create 
the filter passband. 
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at the edges of the arrays become even more important to pre-

vent stress-based yield loss. 

B. Low Yield 

Small percent bandwidth filters present challenges in not 

only insertion loss, but also yield and repeatability. Indeed, 

the smaller the percent bandwidth, the smaller the allowable 

mismatch between resonators. For example, as illustrated by 

the simulations of Fig. 7, 0.1% bandwidth requires resonator-

to-resonator frequency matching to better than 50 ppm to con-

strain mismatch-added passband ripple to less than 0.5dB 

over the designed 0.5dB. So far, single disk resonators (such 

as used in this work) post frequency standard deviations on 

the order of 316 ppm [8], which is clearly short of the require-

ment. For this reason, only a small number of the mechanical 

filters fabricated in [1] actually had acceptable pass-band dis-

tortion. Yields of course must be much higher if high volume 

production is needed. 

From [8], it is true that array-composites of resonators can 

be manufactured with better matching than any one of their 

constituents, by a factor equal to n, where n is the number of 

resonators in the array. Thus, the 24 resonators (including 

non-I/O ones) used in each differential array-composite pair 

of Fig. 1(b) should improve the standard deviation by 4.9× to 

64.5 ppm. Unfortunately, this is still not sufficient. 

To combat device mismatch, the present design purposely 

uses two of its 24 array resonators not for I/O, but rather for 

frequency tuning by the well-known voltage-controllable 

electrical stiffness across their electrode-to-resonator gaps 

[9]. Since only two out of 24 devices are employed this way, 

the amount of frequency pull is not large, on the order of 3 

ppm/V. This, however, is sufficient to traverse the expected 

(64.5-50=14.5) ppm frequency pull needed to correct for dif-

ferential array-composite pair mismatch, and thus, is suffi-

cient to correct mismatch-generated passband distortion to-

wards higher manufacturing yields. 

VI. EXPERIMENTAL RESULTS 

Pursuant to verifying the overall design strategy, micro-

mechanical filters were fabricated using a small-gap polysili-

con surface micromachining process similar to that of [1] but 

this time using very thick interconnect lines (cf. Fig. 4(c)) to 

reduce parasitic resistance. Fig. 8 presents the SEM of a fab-

ricated filter matching the design of Fig. 1(b). 

The fabricated differential filter was measured using the 

scheme of Fig. 1(b) realized via the four-port measurement 

mode of an Agilent E5071C network analyzer with measure-

ment plane moved to the bond-pads using standard SOLT cal-

ibration. A dc-bias of VP = 14V applied to the conductive 

structure results in needed termination impedances of only 

590. DC voltages are also applied to the indicated frequency 

tuning pads that direct them to electrodes capable of tuning 

frequency via voltage-controllable electrical stiffness. 

 Fig. 9 presents the tuned and terminated filter spectrum 

with an inset zoom-in on the passband showing a 209-kHz 

bandwidth at 223.4 MHz, i.e., 0.09% bandwidth, with only 

2.7dB insertion loss, 0.5dB ripple, and a 20-dB shape factor 

of 2.7. Small gaps combined with the symmetric and balanced 

 

Fig. 7: Simulated frequency response spectra for a 225-MHz three-pole, i.e. 

three-resonator, 0.5dB-ripple, Chebyshev filter with 0.1% bandwidth, for dif-

ferent amounts of resonator-to-resonator mismatching. For each mismatch case, 
adjacent resonators experience the indicated frequency deviation in opposite 

directions to simulate the worst case mismatch scenario. 

 
Fig. 8: SEM image of the fabricated and measured differential filter. 

 

 
Fig. 9: Measured terminated filter spectrum with inset zoom-in on the passband. 

Design parameters are given in the right-hand table. 
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design lead to 50dB of out-of-channel rejection. Without sym-

metry and balance, a single-ended version of this filter suffers 

greatly from feedthrough that limits the stopband rejection to 

only 15dB. It also suffers from numerous mechanical spurious 

modes not seen in the differential measurement of Fig. 9. 

Fig. 10 emphasizes the importance of electrical tuning for 

this tiny percent bandwidth filter by showing how proper tun-

ing with 12.1V improves the passband shape and minimizes 

insertion loss. In particular, without tuning, the filter response 

exhibits as much as 2dB of passband ripple and 5dB of in-

band insertion loss. After tuning, the passband ripple drops to 

the designed 0.5dB, and the insertion loss, as mentioned, im-

proves by 2.3dB to 2.7dB. At the front-end of an RF circuit, 

improvement by 2.3dB makes a huge difference in receiver 

noise figure performance, so very much justifies the addition 

of dedicated frequency tuning devices. 

Finally, Fig. 11 presents the terminated spectrum over a 

50MHz wide span showing no strong spurious modes, again 

achieved by differential design and tuning. 

VII. CONLCUSIONS 

The combined 2.7dB passband insertion loss and 50dB 

stopband rejection of the demonstrated 206-element 0.09%-

bandwidth 223.4-MHz differential micromechanical disk fil-

ter represents a landmark for capacitive-gap transduced mi-

cromechanical resonator technology. This demonstration 

proves that the mere introduction of small gaps, on the order 

of 39 nm, goes a long way towards moving this technology 

from a research curiosity to practical performance specs com-

mensurate with the needs of actual RF channel-selecting re-

ceiver front-ends. It also emphasizes the need for tuning and 

defensive stress-relieving structural design when percent 

bandwidths and gaps shrink, all demonstrated by the work 

herein. Perhaps most encouraging is that the models used to 

design the filter and predict its behavior seem to all be spot 

on. This means that predictions using these models foretelling 

1-GHz filters with sub-200 impedances enabled by 20nm-

gaps might soon come true, bringing this technology ever 

closer to someday realizing the ultra-low power channel-se-

lecting communication front-ends targeted for autonomous 

set-and-forget sensor networks [6]. Work towards these goals 

continues. 
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Fig. 10: Measured comparison of the terminated filter spectrum for varying tun-

ing cases. 
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Fig. 11: Measured terminated spectrum over 50MHz span showing no strong 

spurious modes. 
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