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Abstract— A capacitive-comb transduced micromechanical 

resonator using aggressive lithography to occupy only 0.0154-

mm2 of die area has been combined via bond-wiring with a 

custom ASIC sustaining amplifier and a supply voltage of only 

1.65V to realize a 32.768-kHz real-time clock oscillator more 

than 100× smaller by area than miniaturized quartz crystal 

implementations and at least 4× smaller than other MEMS-

based approaches, including those using piezoelectric material. 

The key to achieving such large reductions in size is the enor-

mous rate at which scaling improves the performance of capac-

itive-comb transduced folded-beam micromechanical resona-

tors, for which scaling of lateral dimensions by a factor S pro-

vides an S2× reduction in both motional resistance and foot-

print for a given resonance frequency. This is a very strong 

dependency that raises eyebrows, since the size of the frequen-

cy-setting tank element may soon become the most important 

attribute governing cost in a potential MEMS-based or other-

wise batch-fabricated 32.768-kHz timing oscillator market. In 

addition, unlike quartz counterparts, the size reduction 

demonstrated here actually reduces power consumption, allow-

ing this oscillator to operate with only 2.1μW of DC power. 

Keywords—MEMS, micromechanical, resonator, oscillator, 

real-time clock, 32-kHz clock oscillator. 

I. INTRODUCTION 

32-kHz real-time clock oscillators comprise a significant 

share of the multi-billion dollar oscillator market. Currently, 

quartz crystal-based oscillators at this frequency dominate 

the market because they offer the best combination of per-

formance and cost. However, the size of these oscillators is 

presently too large for future small form factor electronic 

applications, such as ones that fit within credit card dimen-

sions, including thickness. While attempts have been made 

to shrink quartz resonating elements [1], the increasingly 

complex fabrication steps required to produce such devices 

raises manufacturing costs, thereby preventing widespread-

adoption (so far). Also, quartz crystal motional resistance 

values typically increase as resonator dimensions shrink, 

which in many oscillator configurations raises power con-

sumption [2]. 

Recent advancements in MEMS technology for frequen-

cy control now offer a vision whereby batch-fabricated 

MEMS-based oscillators might provide a suitable solution 

for systems requiring ultra-small components at low cost. 

Indeed, MEMS-based oscillator companies such as Discera 

and SiTime have demonstrated commercial success with 

products (at frequencies higher than 32 kHz) that exhibit 

adequate drift stability and jitter performance [3]. While 

32.769-kHz MEMS-based resonators have recently been 

released that are 10× smaller than quartz counterparts [4], 

the potential for even smaller devices remains. 

Pursuant to exploring just how small a MEMS-based re-

al-time clock resonator might practically become via sheer 

scaling, this work uses aggressive lithography to realize a 

capacitive-comb transduced folded-beam micromechanical 

resonator that occupies only 0.0154mm
2
 of die area, which 

is more than 100× smaller by area than miniaturized quartz 

crystal implementations [1] and at least 4× smaller than oth-

er MEMS-based approaches, including those using piezoe-

lectric material [5][6]. The combination of this tiny resona-

tor together with a CMOS sustaining amplifier operating in 

weak inversion provides sustained oscillation with just 

2.1µW of DC power consumption and further offers oppor-

tunities for significant reductions in power consumption via 

scaling. 

II. RESONATOR DESIGN 

Figure 1 presents a schematic of the overall 32-kHz os-

cillator, which embeds a capacitive-comb transduced fold-

ed-beam micromechanical resonator [7] in a positive feed-

back loop with a CMOS sustaining amplifier (to be de-

scribed in more detail, later). The resonator device consists 

of a 2μm-thick n-doped polysilicon movable shuttle sus-

pended 2μm above an n-doped polysilicon ground plane and 

connected to its central anchor points via folded beam sus-

pension springs. The overall design essentially mimics the 

classic design of [7], except that it utilizes interdigitated 

capacitive-comb finger transducers for not only drive and 

sense, but also for frequency tuning. In particular, the drive 

and sense electrodes employ interdigitated fingers that slide 
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relative to one another in a motion that maintains constant 

gap spacings, which in turn realizes a linear displacement-

to-capacitance transfer function that (ideally) eliminates 

frequency dependence on applied voltages. On the other 

hand, the fingers of the tuning electrodes move towards or 

away from one another, in parallel-plate fashion, where their 

gap spacings mimic shuttle displacements. This generates a 

nonlinear displacement-to-capacitance transfer function that 

realizes a voltage-controlled electrical stiffness suitable for 

frequency tuning [8].  

In the hookup of Fig. 1, the sustaining amplifier, togeth-

er with the applied bias voltages, present a typical two-port 

bias and excitation scheme for the resonator device. Here, 

the DC voltage VP applied to the resonator shuttle creates an 

electric field between the shuttle and electrode fingers. An 

AC (sinusoidal) signal at the device’s resonance frequency 

applied to the input capacitive-comb electrode modulates 

the electric field across the electrode-to-resonator gap, 

thereby producing a force that drives the resonator into res-

onance vibrational motion. This motion in turn modulates 

the DC-biased capacitance between the vibrating resonator 

and output electrode fingers, generating an electric current 

that serves as the device’s output. 

While this design is already rich in benefits, from the 

stress-relief afforded by its folded beams, to the frequency 

stability provided by sliding interdigitated comb-fingers, 

perhaps its most important benefit is the rate at which reduc-

tions in its lateral dimensions decrease its areal footprint and 

motional resistance. 

A. Benefits of Scaling 

The resonance frequency of the capacitive-comb trans-

duced folded-beam resonator of this work is given by [9] 
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where E is Young’s modulus; h is thickness; W and L are 

the widths and lengths, respectively, of the beams used in 

the folded-beam suspension; mm is the dynamic mass of the 

resonator; km is the mechanical stiffness of the folded-beam 

suspension; and ke is the electrical stiffness induced by the 

parallel-plate tuning electrodes, given by [10] 
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where Vtune, Atune, and gtune represent the potential difference, 

total combined tuning finger overlap area, and gap spacing, 

respectively, between the tuning electrode and resonator; 

and ε0 is the permittivity of free-space. Equation (1) indi-

cates that when lateral dimensions W and L are scaled by the 

same factor, their ratio W/L remains fixed, which means the 

resonance frequency stays the same.  
One of the most important factors determining oscillator 

performance is resonator motional resistance Rx. For many 

oscillator configurations, minimizing Rx not only reduces 

power consumption, it also raises the power handling ability 

of the resonator, which in turn can contribute to improved 

noise performance. For the resonant structure of this work, 

the motional resistance is given by [9] 
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where Q is the resonator quality factor; N is the total number 

of input/output (I/O) comb-fingers on the resonator shuttle; 

and g0 is the spacing between them, assumed equal for all 

finger pairings. As seen in (3), like resonance frequency, Rx 

remains constant with constant W/L scaling. However, if 

one reduces the gap spacing g0 in addition to structure lat-

eral dimensions, the motional resistance shrinks very quick-

ly, by a square law. 

Of course, device footprint also scales with lateral di-

mensions. For the resonator design of this work, the die area 

consumed can be approximated according to  

             (4) 

where α is a design-specific scale factor equal to 7.5 for the 

device of this work. From (3) and (4), when all lateral di-

mensions (i.e., W, L, and g0) shrink by scale factor S, both 

die area and Rx decrease dramatically by S
2
. Fig. 2 illustrates 

this point by plotting both die area and Rx against litho-

graphic resolution (assumed to set the minimum W and g0). 

As shown, the smallest lithographically defined features in 

this work are 550nm, yielding a motional resistance of 2MΩ 

(for a dc-bias VP=1.65V) and a die area of 0.015mm
2
 

(≈0.12mm×0.12mm). The ASML300 Deep-UV stepper em-

ployed to achieve these small features actually boasts the 

capability of attaining features as small as 0.25μm in a pro-

duction environment [11], and if gaps and features this size 

were possible, they would yield a significantly smaller die 

area of 0.0027mm
2
 (≈0.05mm×0.05mm) and an Rx value of 

 
Fig. 1: Perspective-view schematic of the tunable capacitive-comb driven 

folded-beam resonator connected in a series-resonant oscillator circuit.  
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only 400kΩ at the same dc-bias voltage. Ultimately, with 

the use of 32nm CMOS-grade lithography and patterning 

techniques already available in industry, and with a (big) 

assumption that gaps and features this size can be attained in 

2m-thick structural material, this design is theoretically 

capable of scaling to an extremely small die area of only 

0.000002mm
2
 (≈1.4μm×1.4μm), while achieving an Rx of 

just 3kΩ with VP=1.65V. 

B. Voltage-Controlled Frequency Tuning 

Although the above orders of magnitude improvements 

in both die area and Rx as lithographic feature sizes shrink 

are impressive, concerns naturally arise regarding center 

frequency variance from device-to-device, especially as 

features aggressively scale down. To circumvent this prob-

lem, the Fig. 1 design employs voltage-controlled frequency 

tuning, made possible by electrical stiffnesses generated by 

the parallel-plate transducers previously mentioned. 

As illustrated in Fig. 3, this electrical stiffness ke arises 

when the gap gtune between a resonator finger and a tuning-

electrode finger grows and shrinks. For example, a shrink-

ing gap enhances the electric field generated by the tuning 

electrode-to-resonator potential difference Vtune. This vary-

ing electric field in turn generates an attractive force that 

varies in phase with and is proportional to the shuttle dis-

placement―attributes that fit the definition of a negative 

stiffness. As emphasized in (1), the electrical stiffness ke, 

being negative, counteracts the mechanical stiffness km, re-

sulting in a downward shift in frequency.  

Note that because the DC bias voltage VP does not ap-

pear in (1) or (2), it does not influence the electrical stiff-

ness, so the resonance frequency of the resonator remains 

unaffected by fluctuations in VP. This in turn means that the 

resonator’s motional resistance (given by (3)) and resonance 

frequency (given by (1)) can be set independently of one 

another, with the former set by VP, and the latter by Vtune. In 

other words, the frequency of this device can be adjusted 

without affecting its motional resistance—a very important 

characteristic for any resonator used in a tunable oscillator. 

As observed in (2), in addition to the voltage Vtune, ke de-

pends on the lithographically designable features Atune and 

gtune, meaning the resonator and tuning-electrode designs 

dictate the overall tuning range. The tuning-electrodes of 

this work feature 1μm gaps that allow for a 50,000ppm fre-

quency tune over a 3.3V tuning voltage range, as shown by 

the measured curve of Fig. 4. 

III. RESONATOR FABRICATION 

Resonators were fabricated using a conventional 3-mask 

process flow [7] following the cross-sections shown in Fig. 

5. Here, the fabrication steps largely mimic that of previous-

ly demonstrated comb-driven resonators, but differ in the 

use of an ASML300 Deep-UV Stepper for lithography, ca-

pable of achieving 0.25μm resolution when operating under 

ideal conditions [11]. This stepper permits critical features 

substantially smaller in size than any other published reso-

nator of this type.  

Figure 6 presents the scanning electron micrograph 

(SEM) of a fabricated 32-kHz capacitive-comb driven reso-

nator with 600nm suspension beam widths and 550nm ca-

pacitive-comb finger gaps. These diminutive features com-

 
Fig. 2: Plot illustrating the simulated benefits of both motional resistance 

   and die area when scaling down critical dimensions   and    as litho-

graphic resolution improves. 

 
Fig. 3: Perspective-view schematic describing the mechanism behind electri-
cal stiffness generation by the parallel-plate tuning electrodes used to pre-

cisely control frequency 

 

 
Fig. 4: Measured plot of resonance frequency versus tuning voltage for the 
device of Fig. 1. Here, the application of 3.3V results in a 50,000 ppm 

shift in resonance frequency. 
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bine to deliver a compact device footprint measuring just 

110μm×140μm, or 0.0154mm
2
. This compact area is more 

than 100× smaller than the smallest packaged commercial 

quartz clock-resonator [1] and at least 4× smaller than the 

smallest previously demonstrated MEMS-based research 

resonator [6].  

IV. CMOS SUSTAINING AMPLIFIER 

To attain a clock oscillator, a compatible sustaining am-

plifier circuit is required. Figure 7 presents the oscillator 

circuit topology used, here, comprised of a transresistance 

amplifier in series with the MEMS resonator, represented by 

an LCR tank. When the transresistance gain is 2.8MΩ, this 

topology yields sufficiently low input and output resistanc-

es, on the order of Ri=180kΩ and Ro=110kΩ, respectively, 

to allow a reasonably small transresistance gain Ramp, where 

one necessary condition for sustained oscillation requires 

               (5) 

A second condition for oscillation requires a total 0° 

phase shift around the oscillator loop. Since the resonator 

incurs a 0° phase shift across its input/output (I/O) terminals 

when operating at series resonance, the amplifier must also 

provide a 0° phase shift from input-to-output. 

The circuit of Fig. 7 satisfies the above criteria for sus-

tained oscillation while utilizing a single gain stage de-

signed to minimize common mode noise [12][13].  The sus-

taining circuit entails a fully balanced differential CMOS 

op-amp connected in shunt-shunt feedback on one side, with 

 
Fig. 5: Cross-sections succinctly illustrating the fabrication process flow used 

to achieve capacitive-comb driven devices. 

 

 
Fig. 6: SEM of a fabricated 32-kHz capacitive-comb driven folded-beam 

frequency tunable MEMS-based resonator. 

 
Fig. 7: (a) Top-level circuit schematic of the micromechanical resonator 
clock oscillator of this work. (b) Transistor level schematic of the custom-

designed transresistance sustaining amplifier. 
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the output taken from the other side. As detailed in the cir-

cuit schematic, the gain stage encompasses transistors M1-

M4, while transistor M5 operates as an MOS resistor to set 

the large transresistance gain needed to satisfy (5).  

V. EXPERIMENTAL RESULTS 

Figure 8 presents the frequency characteristic of the Fig. 

1 device operating under 10Torr pressure in a Lakeshore 

FWPX Vacuum Probe Station and measured utilizing a 

1MΩ op-amp-based transresistance amplifier into an 

HP8751A network analyzer. With an applied DC bias volt-

age of only 1.65V, the resonator exhibited a motional re-

sistance Rx of 1.94MΩ, well within the range needed to 

meet the requirements of the CMOS sustaining amplifier. 

From (3), it should be noted that while the resonator’s high 

Q value of 57,000 certainly contributed to the modest Rx 

value, the resonator’s notably small capacitive-comb gaps g0 

of 550nm were much more responsible for keeping Rx small. 

The custom ASIC CMOS sustaining amplifier of Fig. 7 

was fabricated in a 0.35μm foundry process. As depicted in 

Fig. 9, the oscillator circuit combines the MEMS resonator 

and sustaining amplifier dies via bond-wires. The oscillator 

was then placed into a custom-designed vacuum box 

equipped with feedthroughs for electrical connection to out-

side measurement instrumentation. Oscillation starts up 

immediately upon application of the necessary voltages out-

lined in Table I. As seen in Fig. 10, the oscillator produces a 

clean sinusoidal time-domain signal with a frequency of 

precisely 32.768kHz. Note that this exact frequency did not 

come about via strict process control in fabrication, but ra-

ther from application of 2.95V DC to the resonator’s tuning-

electrodes, which provided the necessary frequency correc-

tion. In fact, the measured tuning range of 50,000ppm over a 

Vtune range of 3.3V is 5× greater than the measured device-

to-device frequency variance of 10,000ppm, confirming the 

efficacy of the design described in Section II.  

As seen in Table I, sustained oscillation did not call for 

the application of any voltages above the CMOS technolo-

gy’s design rail of 3.3V. Furthermore, with the transistors 

forced into weak inversion by lowering the supply-rail to 

1.8V, the oscillator consumed only 2.1μW of power, which 

is on par with the power consumptions of nearly all com-

mercially available compact-footprint clock oscillators. 

The clock oscillator of this work compares favorably to 

previously demonstrated clock oscillators in terms of both 

size and power consumption Table II and Fig. 11 compare 

the oscillator and resonator of this work with previously 

demonstrated 32-kHz oscillators and resonators, respective-

ly. The size comparison illustrated in Table II references all 

MEMS-die footprints to the package size of the smallest 

 
Fig. 8: Measured frequency characteristic for the Fig. 1 device operating 

under 10μTorr vacuum. 

 
Fig. 9: Photo of the custom vacuum box test apparatus, with a blow up of a 

mock oscillator schematic combining the SEM of the micromechanical 
resonator with a die photo of the custom-designed ASIC amplifier. 

 
Fig. 10: Measured oscillator output spectrum and time-domain waveform. 

 TABLE I 

OSCILLATOR BIAS AND RESULTS SUMMARY 

Resonator Bias VP 1.65V 

Supply Voltage VDD 1.80V 

Tuning Voltage Vtune 2.95V 

Oscillation Amplitude 87.61mVRMS 

Power Consumption 2.1 µW 

 

 



H. G. Barrow, T. Naing, R. A. Schneider, T. O. Rocheleau, V. Yeh, Z. Ren, and C. T.-C. Nguyen, “A real-time 32.768-kHz clock oscillator 

using a 0.0154-mm2 micromechanical resonator frequency-setting element,” Proceedings, IEEE Int. Frequency Control Symp., Baltimore, 

Maryland, May 21-24, 2012, pp. 282-287. 

 

commercially available quartz clock oscillator [14], where 

the larger the scale factor, the smaller the die footprint. 

From Table II, it can be seen that the oscillator of this work 

is 181× smaller than its quartz-crystal counterpart and sig-

nificantly smaller than previously demonstrated MEMS 

approaches [5][6]. The device of this work also offers a con-

siderably larger tuning range than the recently demonstrated 

piezoelectric based approach [6], and consumes less power 

than the smallest commercially available 32-kHz quartz-

based product. Given the favorable scaling attributes for 

capacitive-transduced resonators, highlighted in Section II, 

even more reductions in size and power consumption should 

be possible as better lithography becomes available.  

VI. CONCLUSIONS 

A 32.768-kHz clock oscillator employing an ultra-

compact tunable capacitive-comb transduced MEMS-based 

resonator as its frequency setting element has been demon-

strated with all applied DC-bias voltages < 3V while con-

suming only 2.1μW of power. The resonator design pos-

sesses beneficial scaling properties, whereby scaling-down 

all lateral dimensions results in square-law reductions in 

both motional resistance and die footprint.  

Because of this extensive scaling potential, capacitive-

transduced MEMS resonators seem well-positioned to pro-

vide the smallest real-time clock oscillators provided that 

the repeatability issues associated with scaling can be miti-

gated. While the frequency tuning-electrodes in this work 

provide an effective solution for alleviating center frequency 

variations exacerbated by aggressive scaling, there is some 

concern that the large tuning range can give rise to instabil-

ity if the variables controlling the tuning are themselves not 

sufficiently stable. For this reason, design improvements 

that reduce device-to-device mismatch are always desirable 

and are the subject of future work. 
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TABLE II 

OSCILLATOR COMPARISON 

Device 
SG-3050 

[14] 

Cioffi & 

Hsu [5] 

Serrano 

et. al [6] 
This Work 

Type Quartz 
Capacitive 

MEMS 

Piezoelec-

tric MEMS 

Capacitive 

MEMS 

Area 
2000µm 

×1400µm 

~500µm 

×400µm 

250µm 

×250µm 

140µm 

×110µm 

Scale 

Factor 
1 14 44.8 181 

VP N/A 2.5V N/A 1.65V 

Q N/A 60,000 5,000 57,000 

Tuning 

Range 
N/A N/A 

6,500ppm 

over 6V 

50,000ppm 

over 3.3V 

Power 2.4µW 1.0µW N/A 2.1µW 

 

 
Fig. 11: Size comparison of the resonating element of this work against 

previously demonstrated miniature clock resonators 


