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ABSTRACT 

Microelectromechanical Resonator-based Digital and Interface Elements for 

Low Power Circuits 

  

Xuecui Zou 

 

The interest in implementing energy-efficient digital circuits using micro and 

nanoelectromechanical resonator technology has increased significantly over the last 

decade given their lower energy consumption in comparison to complementary metal-

oxide-semiconductor circuits. In this thesis, multiple circuit designs based on micro and 

nanoelectromechanical beam resonators are presented. These circuits include a nano-

resonator-based flash style analog-to-digital converter, a 4-bit digital-to-analog 

converter, and a micro-resonator-based 7:3 counter, all among the key building blocks 

of a microcomputing system. Simulations and experimental results were obtained for all 

circuits.  In general, the proposed circuits based on nanoelectromechanical resonators 

show up to 90% reduction in energy consumption compared to their complementary 

metal-oxide-semiconductor counterparts in MHz operation speeds, fulfilling 

requirements for many applications such as Internet of Things and biomedical devices. 
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Chapter 1  

Introduction 

Microelectromechanical systems (MEMS) combine electrical elements and mechanical 

parts. They are widely used in diverse fields due to their small dimensions, energy 

efficiency, and compatibility with other electronics. 

Microresonators are a critical building block in various MEMS for sensing, actuating, and 

computing applications. They play a critical role in sensing small changes in mechanical 

parameters and encompass mass sensors [1], strain and force sensors [2] and pressure 

sensors [3, 4]. Moreover, microresonators are widely used in the signal processing field 

as band-pass filters [5, 6], oscillators [7], and gate transistors [8]. Emerging logic 

computing units, which are based on resonators, have been recently demonstrated to 

exhibit ultra-low power consumption, and as such can be used in broad applications in 

Internet of Things (IoT) systems [9-12]. 

There are different types of MEMS resonators, such as fixed-fixed beams [13, 14], 

cantilevers [15-17], rings [18-20], and plates [21, 22]. This thesis presents multiple, novel 

system designs based on clamped-clamped beams to implement complex functions. 

MEMS resonators usually work based on the vibration and the displacement of the 

beam typically converts to the detected capacitance. The bi-stable state of the nonlinear 

region of the frequency response provides the potential electromechanical memory 

operation [9] of the MEMS resonator. The resonators in this thsis work in the linear 
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region due to the predictability and simplicity of the linear operation properties. They 

exhibit many advantages compared to complementary metal-oxide-semiconductor 

(CMOS) based circuits. These advantages include ultra-low power consumption and 

saving chip area with simple structure for complex function. [10, 23-25] 

With the continuous scaling of CMOS dimensions to the size of a nanometer, quantum-

mechanical electron tunneling effects have increased the current leakage of CMOS 

transistors, in turn leading to a large increase in the power density and temperature of 

CMOS chips to the extent that current cooling techniques are no longer effective. 

Therefore, alternative solutions are sought to replace some CMOS devices in favor of 

certain advantages, especially low-energy consumption for extensive IoT applications 

[26]. 

A variety of mechanical devices have been studied by researchers in the search for a 

new generation of ultra-low power computing devices. Switch-based MEMS or 

nanoelectromechanical systems (NEMS) logic devices wear due to stiction, friction, and 

contact welding issues. However, micro/nano resonator-based devices have been 

demonstrated to exhibit the benefits of non-contact and ultralow-power consumption. 

Guerra (2009)[27] used a nanomechanical resonator operating in the bistable regime to 

implement AND, NAND, OR, and NOR logic gates. Figure 1.1.1 shows the schematic of 

the experimental setup and structure of such a device.  After exploiting the optimized 

noise power based on the stochastic resonance effects for enhancing the system 

response, the device’s inputs are two asynchronous square waves (𝐼1, 𝐼2) and provide 
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three different voltages, 25 mV, 0 mV, and -25 mV, corresponding to the logic inputs (1, 

1), (1, 0)&(0, 1), and (0, 0), respectively (Figure 1.1.2). The AND/NAND and OR/NOR logic 

gates were realized by modifying the drive voltage to the edge voltage of the bistable 

regime.  The logic device dissipates around 0.1–0.3 nW per switch, suggesting 

advantages compared to CMOS logic gates. 

 

Figure 1.1.1 a) Experimental setup of the nanomechanical resonator and b) the response 

of the bistable regime.  [27] 

 

Figure 1.1.2 Response of the nanoresonator showing a) AND/NAND logic gate operation 

and b) OR/NOR logic gate operation. [27] 
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Wenzler (2014) [28] presented a nanomechanical Fredkin gate, a universal and reversible 

logic gate, improving the computational efficiency and flexibility. The device consists of 4 

identical fixed-fixed nanobeams: 2 beams (A1 and B1) are biased by VO while the other two 

(A2 and B2) are biased by VO-VC, as shown in Figure 1.1.3 (a). The gate has three inputs, A, 

B and C, and three outputs A’, B’ and C’. C is used as a control signal which allows inputs 

A and B to be directly transferred to A’ and B’ when C = 0, and swaps their values when C 

= 1. The different values of C change the resonance frequencies of the beams using the 

electrostatic softening effect, as shown in Figure 1.1.3 (b). The gate is reversible, meaning 

it can run backwards and the inputs can be obtained from the outputs (there is no loss of 

information, unlike in CMOS logic gates).  All resonators in the device are identical with 

resonance frequencies around 3MHz with a quality factor of 200. 

 

Figure 1.1.3 The schematic of the device and the frequency response shifts with bias 

volts. [28] 



18 
 

The universal gate can work as AND, OR, NOT and FANOUT gates. The device is efficient 

compared to transistors and has a maximum signal-to-noise ratio of 20 mV. A 

micromechanical reprogrammable logic device based on a clamped-clamped arch-

shaped microbeam has been proposed by Hafiz (2016) [29]. The resonance frequency of 

the beam is tuned using a DC current flowing through the beam (electro-thermal 

frequency modulation). The amount of current flowing through the beam depends on 

the input combination, as shown in Figure 1.1.4. In Figure 1.1.4, the different input 

vectors are shown to correspond to specific frequency responses with different colors. 

The device can be run-time reprogrammed by changing the drive signal frequency.  

 

Figure 1.1.4 a) Frequency response of the beam and b) the NOR gate function.  [29] 

In Figure 1.1.4 (b), the NOR gate function was tested at room temperature and in a 

modest vacuum by fixing the drive frequency to the 119.022 kHz, marked NOR in Figure 
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1.1.4 (a). The AND, NAND, OR, NOR, XOR. XNOR and NOT logic functions were verified 

using the same device.  

Yao and Hikihara (2013) [30] reported a logic-memory device with a mechanical 

resonator based on the nonlinear response. A closed feedback loop control for the input 

and outputs was used to excite multiple states of the MEMS resonator, see Figure 1.1.5 

(a). The hysteretic curve was measured through the forward sweep and backward 

sweep of the DC bias voltage. Additionally, an AC signal of the frequency which the two 

stable states coexist in Figure 1.1.5 (b) was inputted for excitation.  

 

Figure 1.1.5 a) The control and measurement system of the comb-driven resonator and 

b) measured hysteretic characteristics. [30] 

The resonator’s amplitude at operating frequency can be modulated by inputs so that 

the resonator can be used as an OR gate with 150 mV for logic 1 and 37.5 mV for logic 0. 

A memory operation can also be obtained when the resonator works in a nonlinear 

dynamic state controlled by inputs with 75 mV for logic 0, and 187.5 mV and 300 mV for 
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logic 1. Using the multifunctional device as an OR gate and memory device has been 

demonstrated in a single MEMS resonator.  

In further developments of an electromechanical logic device, llyas and Ahmed (2019) 

[31] demonstrate a cascading microelectromechanical resonator logic gate for evolving 

practical and complex computing systems.  The MEMS resonator vibrates in the 

antisymmetric mode around the second resonance mode, excited by a half electrode or 

diagonally positioned electrodes. A basic logic OR and NOT gate was achieved through 

the second mode of vibration. A universal NOR gate also was realized by cascading these 

logic gates, showing that the output of the resonators can be modified for driving and 

exciting the resonator in the next stage. The signal process from the preceding stage’s 

output to the following stage’s input is shown in Figure 1.1.6, which is amplifying and 

filtering. The resonators vibrate at 200 kHz with a quality factor of 1,200. The switching 

speed is roughly 6 ms and the energy consumption per operation is approximately 120 

fJ. 
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Figure 1.1.6 Schematic of the first proposed cascading scheme. [31] 

The clamped-clamped microbeam resonator is advantageous and is commonly used as 

an interface for electric and mechanical signals given its simple structure and 

controllable characteristics. Hafiz (2017) [32] exploited the viability of logic and memory 

elements based on a single microbeam resonator. In their study, the microbeam length 

is 600 μm, the width is 30 μm, and the thickness is 3 μm. One group of diagonal 

positioned electrodes is used for driving and sensing, while diagonal electrodes are used 

for inputs. The input vector shifts the resonance frequency by changing the electrostatic 

force loaded on the beam. The NOR, XOR, and AND gate are verified experimentally 
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with the microbeam responsing in the linear region. The gate function is determined by 

the drive frequency with 74.10 kHz for the NOR gate, 74.50 kHz for the XOR gate, and 

74.90 kHz for the AND gate. The memory element device is actuated by 0.22 V (RMS) for 

the nonlinear response, as shown in Figure 1.1.7 (a). By using 15 V to write logic 1, 0 V 

for reading, and -25 V to write logic 0, the operation frequency is 74.92 kHz. The total 

energy of the device is about 65 pJ per logic operation. 

 

Figure 1.1.7 a) The nonlinear response of the microbeam resonator and b) the memory 

function. [32] 

Another important application of microresonators in data processing is as a bandpass 

filter by using a coupled structure. CTC Nguyen (2000) [5] fabricated 

microelectromechanical intermediate frequency filters using two clamped-clamped 

beams coupled with a soft mechanical spring, as shown in Figure 1.1.8. The quarter-

waver coupling beam is used for a standing wave with two identical main resonators 
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fabricated through surface micromachining. The coupling location was calculated for a 

low-velocity coupling-weak couple to slightly separate the two peaks.  The quality factor 

of the device is about 8,000 with an insertion loss of 1.8 dB. They built a complete 

equivalent RLC circuit model for the coupling device and corresponding equations to 

connect the mechanical parameters and the circuit elements, which provides a 

complete design procedure. 

   

Figure 1.1.8 a) The mechanical filter structure and b) the measured frequency response. 

[5] 

In this thesis, a few key components of any VLSI system and microcomputing units are 

designed and demonstrated. First, an analog-to-digital converter composed of 

nanoresonators is presented and the experimental results are measured to verify the 

operation. Second, a 4-bit digital-to-analog converter (DAC) based on a MEMS resonator 

is presented through simulations and also the optimization method is presented. Last, 

the main building block of a MEMS multiplier, a 7:3 counter (compressor), is described 

and designed, and the simulation results are presented.  
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Chapter 2  

Micro/Nano resonators based digital/interface circuit elements 

In this chapter, multiple digital/interface elements based on micro/nanoresonators are 

demonstrated. A flash style resonator-based ADC are presented in detail. A DAC 

(originally designed by S. Ahmed and H. Fariborzi [25]) is also described and its 

optimization steps are discussed. A core block of a digital multiplier, a 7:3 counter, is 

also described and the simulation results are presented. 

2.1 Analog-to-Digital Converter Design 

An analog-to-digital converter (ADC) is used to convert an analog signal input to a digital 

output with a one-to-one corresponding relation between the amplitude of the analog 

signal and the decimal values of the digital outputs. The proposed ADC consists of 2n-1 

resonators for an N-bit ADC and a one-hot to binary coder for converting the one-hot 

code of the resonators to binary code. The first part of the ADC is a simple circuit similar 

to a level shifter. The sampled voltage boost to a proper voltage range to make the 

resonator work. After shifting the sampled voltage on a base voltage, the summing 

voltage is biased on all of the beams in parallel. The resonance frequency of each beam 

at any time is the same due to the tuning effects of the biased voltage. Only one 

resonator is selected to be in the resonance-on state by fixing the specific drive 
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frequency which is different from resonator to resonator for a sampled voltage value. 

This section concerns about the design of and simulation results for the ADC. 

2.1.1 Design and Operation Principles of Analog-to-Digital Converter 

For an n-bit CMOS flash ADC design, the sampled analog voltages should be compares to 

the 2n reference voltages by 2n comparators resulting in either 0 or 1. After the 

processing of comparators, the outputs known as one-hot codes or thermometer codes 

are converted into binary patterns by an encoder [33]. In this design, the proposed NEM 

resonator-based ADC design is similar to the CMOS flash ADC design in its parallel 

operation. It consists of 2n-1 resonators treating the sampled signal to one-hot code and 

a one-hot to binary coder for approximating the input to the final binary form. 

 

Figure 2.1.1 The structure of the resonator. 

Ideally, all resonators should have identical shapes and sizes with the same natural 

resonance frequency. Each resonator is constructed with a clamped-clamped nanobeam 

and two fixed electrodes on each side of the beam, separated by the same gap, as in 

shown Figure. 2.1.1. The suitable DC voltage (VBias) is applied on the beam. One of the 
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electrodes is used for driving the AC signal across varying frequencies to excite the 

resonator beam, and the other electrode is for sensing the output. Once the frequency 

of the AC drive signal approaches the resonance frequency, the resonator will be 

excited, resulting in the resonance-on state, which corresponding to an output of 1. 

A simple lumped-parameter modal analysis can be built to analyze the effects of the 

bias voltage of the beam on the resonance frequency [34]: 

𝑚�̈� + 𝑐�̇� + 𝑘𝑥 =
𝜕

𝜕𝑥
(

1

2
𝐶1𝑉2) +

𝜕

𝜕𝑥
(

1

2
𝐶2𝑉2) 

where 𝑥 is the displacement of the beam, 𝑚 is the mass of the beam, 𝑐 is the damping 

coefficient depended by the environment and the beam, 𝑘 is the stiffness, 𝐶𝑉2 is the 

electrical energy of the capacitors between two side electrodes and beam, 𝑉 is the 

voltage difference and can be approximated to the bias voltage, 𝐶1 is the capacitance 

from drive electrode and beam, and 𝐶2 is the capacitance from the sense electrode and 

beam. 

The discrepancy of the bias DC voltage and the static voltages on the electrodes is 

approximately 0 V, and as such, the resonance frequency of the beam shifts. The 

displacement can be assumed to be negligible in comparing the distance 𝑑 between the 

electrodes and the beam. The external electrostatic force can be simplified to: 

1

2

휀𝐴𝑉2

(𝑑 − 𝑥)2
−

1

2

휀𝐴𝑉2

(𝑑 + 𝑥)2
≈ 2휀𝐴𝑉2

𝑥

𝑑3
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Ignoring the damping effects on frequency, the external electrostatic force can be 

treated as the perturbation part of 𝑘. The resonance frequency of the resonator can be 

expressed by the equation: 

𝜔𝑠 =
√𝑘 −

2휀𝐴𝑉2

𝑑3

𝑚
 

The dynamic response of the resonator beam excited by the AC signal can be simplified 

further and expressed by the equation: 

𝑚�̈� + 𝑐�̇� + 𝑘𝑒𝑓𝑓𝑥 = 𝐹𝑎𝑐𝑐𝑜𝑠(Ω𝑡);  𝑘𝑒𝑓𝑓 = 𝑘 −
2휀𝐴𝑉2

𝑑3
 

where Fac is the amplitude of the force caused by the AC voltage and Ω is the frequency 

of the external AC signal. The equation’s solution is: 

𝑥(𝑡) = 𝑋𝑐𝑜𝑠(Ω𝑡 − Φ) 

𝑋 =
𝐹𝑎𝑐

𝑘𝑒𝑓𝑓
∙

1

√(1 − (
Ω
𝜔𝑠

)
2

) + (2 ∙
𝑐 ∙ Ω
𝑘𝑒𝑓𝑓

)
2

 

As this equation shows, when the bias voltage on the beam increases, the radian 

frequency response 𝜔 decreases.  
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Figure 2.1.2 Frequency response of the resonator with two similar voltages. 

As shown in Figure 2.1.2, if 𝑉 = 𝑉0, the resonance frequency of the beam is f0. When V 

changes from V0 to V1, the resonance frequency decreases from f0 to f1. This can be 

predicted from the results of the modal analysis. If the two frequency resonance peaks 

interact at -3dB of the maximum, the frequency corresponding to the cross point is 

chosen as the operating frequency and marked as fop1. For this resonator with an 

operation frequency fop1, the resonator outputs a high signal when the voltage applied 

to the beam is within the regime of 𝑉1~𝑉0, otherwise it outputs a low signal. Using more 

resonators to generate high output signal in specific voltage ranges, 7 resonators’ high 

output voltage ranges cover the whole range of analog voltage continuously. The 7 

resonators is the prototype of a 3-bit ADC which converts the analog voltage to a one-

hot code output, as Figure 2.1.3 shows. 
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Figure 2.1.3 Frequency response of seven resonators. 

 

Figure 2.1.4 A schematic of the ADC system. 
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Table 2.1.1 The schematic of the ADC system. 

 

Assuming the seven resonators in Figure 2.1.4 (D1 to D7) are the same, and based on the 

frequency response of the resonator under different voltages, the intersections of 

neighboring peaks show the operation frequencies (fop1 to fop7) for each resonator. 

Figure 2.1.4 shows the system architecture of a 3-bit resonator-based ADC. According to 

the range of 𝑉𝑠, a one-hot code (S1-S7) is generated by the resonators listed in Table 

2.1.1. For example, if the 𝑉𝑠 is in the range of 𝑉4~𝑉5( 𝑉4 < 𝑉𝑠 < 𝑉5), then only the output 

S5 of the 5th resonator operating at fop5 will be 1 and the rest will be 0. The output vector 

can be further converted into 3-bit binary code using a one-hot to binary encoder. 

2.1.2 Simulation Results and Analysis 

The parameters of interest for the system are the size of the clamped-clamped beam, 

including the beam length 𝑙, the width of the beam 𝑤, the height of silicon layer ℎ, and 

the air gap 𝑑 between the electrodes and the beam.  
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Figure 2.1.5 The three-dimensional structure and size of the designed nanoresonator. 

By using COMSOL to build the model, the eigenfrequency analysis can analyze the 

resonance frequencies of the resonator under different conditions. The design does not 

give a hard requirement on the size, the eigenfrequency of a beam 14.7 um long, 750 

nm thick, and 1.85 um wide is around 27 MHz.  

 

Figure 2.1.6 Eigenfrequencies of the resonator with different voltages 
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The resonance frequency of the beam biased by different voltages shows almost 

identical linear variation, with Δ𝑓 = 0.015 MHz, as shown in Figure 2.1.6. The linear fit 

is shown as the dashed red line. The coefficient of determination (COD), also named R 

square, is about 0.99986. This proves that the frequency shifts due to the voltage 

varying in a range of 48–52 V are sufficiently linear. 

The frequency response simulation is important and necessary for this design. It verifies 

the feasibility and determines the characteristics of the ADC. To simulate and obtain 

proper frequency response, a realistic and skillful quality factor estimating is the 

essential user-defined parameter for the frequency response analysis setting in 

COMSOL. The quality factor of the beam is determined by multiple factors related to 

energy dissipation, originally defined as [35]: 

Q = 2π
𝑛𝑎𝑥𝑖𝑚𝑢𝑚 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑 𝑖𝑛 𝑜𝑛𝑒 𝑝𝑒𝑟𝑖𝑜𝑑 

𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑝𝑒𝑟𝑖𝑜𝑑
 

According to the equation, a high-Q resonator should have lower dissipated energy per 

period. Generally, the testing environment is a vacuum provided by T-station and the 

pressure can be lowered to 10−6~10−8  mbar according to the manual introduction of 

the T-station from Edwards Company. Under this vacuum condition, the effects of 

intrinsic loss cannot be negligible. The quality factor of the resonator is dominated by 

intrinsic factors and the extrinsic factors—the support and the viscous loss normally 

[34]. The overall quality factor can be calculated by: 
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1

𝑄
=

1

𝑄𝑎𝑛𝑐ℎ𝑜𝑟
+

1

𝑄𝑣𝑖𝑠𝑐𝑜𝑢𝑠
+

1

𝑄𝑣𝑖𝑠𝑐𝑜𝑢𝑠
 

The anchor loss of the clamped-clamped beam depends on the cubic power of the 

aspect ratio. The mode 1 resonant will always obtain the strongest signal output. The 

designed beam is 14.7 um long and 750 nm thick, so the anchor quality factor can be 

calculated [34, 36]: 

𝑄𝑎𝑛𝑐ℎ𝑜𝑟 = 𝛼𝑚𝑜𝑑𝑒1 (
𝐿

𝑡
)

3

= 0.638 (
𝐿

𝑡
)

3

≈ 4803.84 

During the vibration process of the beam, the air between the electrode and beam will 

be squeezed out and pumped in, creating squeeze-film damping. The squeeze-film 

damping was commonly considered for the beam vibrating under a high vacuum by air 

viscosity [34, 37]: 

𝑄𝑣𝑖𝑠𝑐𝑜𝑢𝑠 =
𝑚𝑒𝑓𝑓𝜔

𝐶𝑣𝑖𝑠𝑐𝑜𝑢𝑠
=

𝑚𝑒𝑓𝑓𝜔

   
𝜇𝑒𝑓𝑓ℎ3𝑙

𝑑3     

 

Here, 𝜇 is the air viscosity coefficient and is related to the vacuum pressure which is 

around 10−8~10−6mbar given the experimental test conditions (10-6 –10-4 pa) and the 

limits of pumping apparatus. The 𝑄𝑣𝑖𝑠𝑐𝑜𝑢𝑠 is estimated to be around 6∙ 1011~1014 

which is so high that can be negligible. Using the relation between the overall quality 

factor and each quality factor component and considering the effects of the intrinsic 

damping-electrothermal damping which limits the upper quality factor to about 104–
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2×104 at room temperature [38], the overall quality factor range for the design can be 

estimated: 

𝑄𝑜𝑣𝑒𝑟𝑎𝑙𝑙~3240 − 3870 

During the analysis, it is evident that the 𝑄𝑜𝑣𝑒𝑟𝑎𝑙𝑙 is limited by the smallest 𝑄 due to 

anchor loss and electrothermal damping in this design. There are many other sources of 

energy loss, including the fabrication process, intrinsic material loss. The lower Q will be 

tested after the device fabricated. Choosing a lower Q to simulate the frequency 

response of this device is necessary because of the unpredictable factors arising from 

fabrication. 

  

Figure 2.1.7 (a) The real part of displacement of the center point in the resonator 

compared to the operation frequency. (b) The absolute displacement of the center point 

in the resonator compared to the operation frequency. 

The frequency response of the real part of deflection in the Y direction of the center 

point of the beam biased at 48 V acts as the output in the sense electrode, as shown in 
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Figure 2.1.7.In Figure 2.1.7 (a), the real part is 0 μm at the eigenfrequency. This is 

because the motion of the resonator does not synchronously follow the varying dynamic 

force. Especially at the point of the eigenfrequency, the phase of the force and the 

displacement have a 180° disparity, making the displacement an imagery value. The 

absolute value of the displacement of the Y component should be focused, as shown in 

Figure 2.1.7 (b). 

After the voltage steps are determined, in this case 0.5 V, the frequency response of 

voltage steps are simulated from 0.5 V to 48 V to determine the operating frequency for 

each resonator. 

Further, frequency response analysis should be simulated for determining the suitable 

step voltage of the operation to match the bandwidth of the spectrum peak. The 

frequency responses of different voltage steps are compared in Figure 2.1.8.  Setting the 

bias voltage to 48 V as the reference voltage, the voltage deviating from the reference 

voltage is applied with fluctuations to the other resonator to find the proper step 

voltage—the intersection of two voltages at the -3 dB of the peak. As Figure 2.1.8 (a) 

shows, based on a 0.1 V difference, the frequency response shifts slightly to the left. 

Also, the second subfigure shows that the resonator cannot distinguish the difference 

between 48 V and 48.3 V. Comparing these figures, we can see the frequency response 

of 48 V and 48.5 V intersects at approximately -3 dB.  



36 
 

 

Figure 2.1.8 The frequency response of different voltage steps. 

As Figure 2.1.6 shows before, the relation between frequency and voltage is 

approximately linear relation. The peak value of different bias voltages frequency 

response is observed to have no significant differences. The intersection of the two 

peaks of 48.5 V and 49 V are roughly -3 dB of the maximum value.  
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Figure 2.1.9 The frequency response of 0.5 V voltage steps. 

Fixing the drive frequency for each resonator, the simulation results of the system can 

be obtained, as shown in Figure 2.1.10. As the sampled voltage increases, demonstrated 

by the black line, the resonators from the 1st to the 7th resonator tune on sequentially. 

Then the data processing capability as an ADC which is converting thermometer analog 

code to one-hot code achieves approximately. 
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Figure 2.1.10 The time response of the system. 

2.2 Digital-to-analog Converter Design 

An important interface circuit for any VLSI system is a digital-to-analog converter, as it 

can communicate directly with the processing unit and drive the analog output, 

actuators, etc. In this section, a microresonator–based DAC designed by S. Ahmed and 

H. Fariborzi [25], which deploys a fixed-fixed beam resonator with multiple electrodes, is 

described and the effects of parameters optimization on its performance are 

investigated. 

2.2.1 Design and Operation Principles of a Digital-to-Analog Converter 

A DAC is used to convert a digital signal to an analog signal. Different input digital 

vectors correspond to analog signals with different amplitudes.  
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Figure 2.2.1 The structure of resonator-based, multiple input logic units. 

In general, resonator-based digital units with four inputs are composed of a kernel beam 

with electrodes on the sides of the beam with identical air gaps [24]. A schematic of the 

structure is shown in Figure 2.2.1. This study used COMSOL, based on Finite Element 

Analysis (FEA), to simulate the eigenfrequencies of the structure. The partial electrodes 

on the sides of the beam are the same scale and the air gaps between the electrodes 

and beam are 4 μm. Figure 2.2.2 shows the eigenfrequencies of the beam with different 

digital inputs combinations. The bias voltage of the beam is 40 V, with 0 V for a digital 

input of 0 and 40 V for a digital input of 1. 
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Figure 2.2.2 Eigenfrequencies of the resonator with digital inputs. 

The resonance frequencies of the beam with different digital input combinations are 

grouped by violet, red, blue, deep pink, and olive colors. The digital input combinations 

of the red group in the table are 0001, 0010, 0100, and 1000, which has only one digital 

1 inputs. The blue cases in Figure 2.2.2 have almost the same resonance frequency 

corresponding to any two of the digital inputs are 1. For the beam with the electrodes 

by the same gap, the resonance frequency is related to the number of 1 inputs. These 

electrodes have the same electrostatic softening effects on the beam.  

As discussed, the digital inputs 0001, 0010, 0100, and 1000 have similar frequencies, 

indicating that each electrode exhibits almost the same electrostatic force on the beam 

due to the electrostatic softening effect. An important aspect of the DAC design is the 

changing weight of the electrostatic force on the beam for each input. Assuming only 
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one electrode is effective to shift the eigenfrequency of the beam, the stiffness change 

of the beam can be written as: 

Δ𝑘 ≈ −휀𝐴 

𝑉𝑏𝑒𝑎𝑚
2  

(𝑑 − 𝛿)3
/−휀𝐴 

𝑉𝑏𝑒𝑎𝑚
2

(𝑑 + 𝛿)3
≈ −휀𝐴 

𝑉𝑏𝑒𝑎𝑚
2

𝑑3
 

The frequency of the beam is: 

ω = √
𝑘

𝑚
−

휀𝐴 

𝑚

𝑉𝑏𝑒𝑎𝑚
2

𝑑3
≈ √

𝑘

𝑚
(1 −

휀𝐴 

2𝑘

𝑉𝑏𝑒𝑎𝑚
2

𝑑3
) ≈ ω𝑛 − Δω 

If ω𝑛 = √
𝑘

𝑚
 is the natural frequency of the beam without any extrinsic electrostatic 

force effects, then the frequency shift Δω caused by electrothermal soften effects is: 

Δω =
휀𝐴 

2√𝑘𝑚

𝑉𝑏𝑒𝑎𝑚
2

𝑑3
∝

1

𝑑3
 

As the expression shows, the parameter that can change the weight of the electrode only 

A, the projection area of the electrode on the beam and d, the gap between the beam 

and the electrode. 

The device is expected to operate as a 4-bit DAC, then the weight of the electrodes should 

be 8, 4, 2, and 1 respectively which can be achieved by varying the gap d and the area A. 

If d is chosen to be the effective design variable given its exponent of 3, then the 

frequency of the 1111, 1110, 1101, 1011, and 0111 should be ω𝑛 , ω𝑛 − Δω0 ,  ω𝑛 −

Δω1, ω𝑛 − Δω2, and ω𝑛 − Δω3. The related frequency shift should be: 
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8Δω0 = 4Δω1 = 2Δω2 = Δω3 

The gap distance should satisfy the equation accordingly: 

8 ∗
1

𝑑0
3 = 4 ∗

1

𝑑1
3 = 2 ∗

1

𝑑2
3 = 1 ∗

1

𝑑3
3 

There are multiple gap values that can establish the relationship. For example:  

𝑑3 = 3𝜇𝑚    𝑑2 = 3.78𝜇𝑚    𝑑1 = 4.76𝜇𝑚    𝑑0 = 6𝜇𝑚, 

𝑑3 = 2.7𝜇𝑚    𝑑2 = 3.40𝜇𝑚    𝑑1 = 4.3𝜇𝑚    𝑑0 = 5.4𝜇𝑚 

The two groups satisfy the frequency shift regulation roughly required as a result of 

ignoring the effects of k variation on Δω. Further simulation results are presented in the 

following section in comparison to these results.  

2.2.2 Simulation Results and Analysis 

In order to build a DAC, the effects of electrodes should have different weights to 

separate the groups with the same number of 1 inputs. By parameter sweeping the gaps 

between the electrodes and beam, the weight of each bit is changing accordingly. The 

least significant bit (LSB) should have the largest gap while the most significant bit (MSB) 

should have smallest gap. 
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Figure 2.2.3 Eigenfrequencies for different gap0. 

The first step is modifying gap0, the distance between the electrode D0 and the beam. 

The olive pentagons mark the cases of gap0 = gap1 = gap2 = gap3 = 4 µm, and the 0001 

and 0010 cases have the same resonance frequency in Figure 2.2.3. It is possible to 

decrease the frequency of 0001 lower by decreasing the effects of gap0 by increasing 

the gap0 to 6 µm, the red cycles marked, and 8 µm, the blue squares marked 

respectively.  
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Figure 2.2.4 Eigenfrequencies for different gap1. 

By decreasing the effects of gap0, gap1 also needs to be adjusted slightly to linearize and 

straighten the red line in Figure 2.2.3. The simulated results for different values 4 μm, 

4.85 μm, and 5.5 μm for gap1 are shown in Figure 2.2.4. As we can see in Figure 2.2.4, 

when gap2 = gap3 = 4 µm, the frequencies can be separated into four groups by the 

decimal values of the most significant two bits. The frequencies of the cases in each 

group have the same variation tendency which is only specified by the proportion of 

gap0 and gap1. Only considering one of the groups of different values of gap1 with fixed 

gap0, 0000, 0001, 0010, 0011, the variation tendency is fitted by different lines to figure 

out the frequency relation. Comparing the dash olive line of the gap1 = 4 μm, the solid 

red line of the gap1 = 4.85 μm and the short dot blue line of the gap1 = 5.5 μm, it is 

javascript:;
javascript:;
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obviously observed that the solid red line has the best linearity than other lines. It is 

optimal when gap1 is 4.85 μm and gap0 is fixed to 6 μm. 

The next step is working on the gap2 to shift the first/last eight red points into a smooth 

line. Dividing the points to two sets of eight points each, the difference between these 

two sequences depends on whether D3 is 0 or 1. As discussed, the points would arrange 

to form a linear line as the gap varies. Gap2 should be decreased to increase the 

frequencies of last four points of the first/last sequence. When gap2 is reduced from 4 to 

3µm, the olive dot polyline of the olive points reshapes to the blue dash polyline of the 

blue triangles in Figure 2.2.5. 

 

Figure 2.2.5 Eigenfrequencies for different gap2. 
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Figure 2.2.6 Eigenfrequencies for different gap3. 

Finally, working on the gap3 to arrange the two sets of sequences to form a monolithic 

linear line. Figure 2.2.6 shows the finalized optimal gaps: gap3 = 2.7 µm, gap2 = 3.4 µm, 

gap1 = 4.85 µm, gap0 = 6 μm. The eigenfrequencies of different input vectors linearly 

increase with the decimal values of the digital inputs varying as expected. 

Table 2.2.1 Simulation results compared with estimation results. 
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Table 2.2.1 compares the simulation results and the estimation results and shows 

similar values for each. The experimental results are verified and presented by Ahmed 

[25]. 

2.3 Multiplier Core Block Design 

In the computer arithmetic and data processing systems, multipliers are the most 

significant blocks in terms of the power consumption and computation speed[39]. In an 

electromechanical system, the multipliers should be optimized inevitably as a critical 

part of the system. Counters are the core building blocks of multipliers which are 

responsible for the total multiplication performance. A novel 7:3 counter based on a 

microresonator presented in this section has ultra-low power consumption and provides 

the potential for electromechanical multiplier design. The counter counts the number of 

logic 1s in a 7-bit vector and produces the count in a 3-bit binary format. For example, if 

all seven input bits are 1, the output of the counter should be 111. The proposed 

counter design consists of a CMOS-based circuit and three resonator beams. The circuit 

consists of an operational amplifier with a resistor in a negative feedback loop and 

seven identical resistors—a resistor for each input.  The op-amp’s output voltage 

depends on the number of input ones in the input vector. This voltage is applied to all 

beams in parallel to tune their resonance frequency. Multiple drive frequencies are 

applied to each resonator. The output of the three resonators is the binary 

representation of the digital 1 count of the input vector. 
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2.3.1 Architecture of the Counter 

A conventional M:N counter is a device which provides an N-bit binary count of the 

number of the M inputs which are logic 1. The function of a 7:3 counter can be written 

as: 

𝐼1 + 𝐼2 + 𝐼3 + 𝐼4 + 𝐼5 + 𝐼6 + 𝐼7 = 20 ∙ 𝐷0 + 21 ∙ 𝐷1 + 22 ∙ 𝐷2 

where 𝐼1, 𝐼2, 𝐼3 … , 𝐼7 represent the inputs and 𝐷0, 𝐷1𝑎𝑛𝑑 𝐷2 are the digital outputs. 

Table 2.3.1 shows the truth table of the 7:3 counter. 

Table 2.3.1 Truth table of a 7:3 counter. 

Inputs  
Outputs Decimal 

Equivalent 
frequency 

D2 D1 D0 

All inputs are zero 0 0 0 0 f0 

Only one input is 1 0 0 1 1 f1 

Any two inputs are 1 0 1 0 2 f2 

Any three inputs are 1 0 1 1 3 f3 

Any four inputs are 1 1 0 0 4 f4 

Any five inputs are 1 1 0 1 5 f5 

Any six inputs are 1 1 1 0 6 f6 

All inputs are 1 1 1 1 7 f7 
 

The first 4 columns of the truth table (from the left) describe the conventional counter 

operation, it counts the number of input 1s, and produces the count in a 3-bit binary 

form. The two right columns of the table explain the relationship between the decimal 

equivalent value of the inputs and the resonance frequency of the micro-resonator 
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based counter. As the table shows, each output D2–D0 only has 4 high output cases. For 

example, D2 will output high when the decimal equivalent values of the inputs are 4, 5, 

6, and 7. Then the corresponding drive frequencies of D2 should be f4–f7. D1 will output 

high when the decimal equivalent values of the inputs are 2, 3, 6, and 7. Therefore, the 

corresponding drive frequencies of D2 should be f2, f3, f6, and f7. Similarly, D0 will output 

high when the decimal equivalent values of the inputs are 1, 3, 5, and 7. So the 

corresponding drive frequencies of D0 should be f1, f3, f5, and f7. 

This 7:3 counter takes seven inputs and generates three outputs with different weights. 

In order to implement a resonator-based 7:3 counter, there should be three resonators 

working in parallel to generate the three outputs D0, D1 and D2, and each resonator 

should output 1 in different cases according to the standard truth table shown in Table 

2.3.1.  

Figure 2.3.1 shows the system architecture of the 7:3 counter. It consists of three fixed-

fixed beam resonators, biased by the DC output of the amplifier 𝑉𝑜𝑢𝑡. The circuit part 

includes multiple resistors, switches, and an amplifier. 
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Figure 2.3.1 Schematic of the 7:3 counter system. 

In the circuit part, there are seven branches, each consisting of a switch and a 

resistor 𝑅1, all of which are connected to the inverting input of the amplifier. Ideally, the 

currents of the amplifier input at the (+) and (-) pins are 0 and the voltages of both pins 

are equal. The system inputs are applied to seven switches. Each switch outputs 𝑉1V if 

the input is 1 and outputs 0 V if the input is 0. If there are M logic 1s in the input vector, 

the total current flowing in the seven branches should be equal to the current flowing 

through R2 as described in the following equation: 

𝑀 ∙ (𝑉1 − 𝑉𝑥)

𝑅1
+

(7 − 𝑀) ∙ (0 − 𝑉𝑥)

𝑅1
=

𝑉𝑥 − 𝑉𝑜𝑢𝑡

𝑅2
 

𝑉𝑜𝑢𝑡 = (
7 ∙ 𝑅2

𝑅1
+ 1) ∙ 𝑉𝑥 − 𝑀 ∙ 𝑉1 ∙

𝑅2

𝑅1
 

Assuming 𝑅1 = 𝑅2, and 𝑉1 = 1V (which corresponds to the output of the transistor-

based switch), 𝑉𝑥 should be given a value such that 𝑉𝑜𝑢𝑡 can be used to bias the beams 
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of the resonators. The operational amplifier used in the design is LF351, a wide 

bandwidth single-junction gate field-effect transistor (JFET) based operational amplifier. 

The amplifier has a maximum voltage output of 32 V [40]. If 𝑉𝑥 equals 4 V, 𝑉𝑜𝑢𝑡 would 

take values between 25 V and 32 V, providing enough biasing for the MEM resonators.  

The expression 𝑉𝑜𝑢𝑡 can be simplified as follows: 

𝑉𝑜𝑢𝑡 = 8𝑉𝑥 − 𝑀 = 32 − 𝑀 

𝑉𝑜𝑢𝑡 has a linear relation with the number of ‘1’s in the input (M). When all inputs are 1, 

𝑉𝑜𝑢𝑡 will be 28 V. Its value would be 32 V if all inputs are 0.  

The resonator matrix consists of three identical beams with four partial electrodes for 

drive signals and one electrode for signal sensing, as shown in Figure 2.3.1. The 

resonators are clamped-clamped in-plane beams biased by the output of the amplifier, 

as shown in Figure 2.3.1. 

Each resonator is excited by four AC signals with four different frequencies in parallel. 

The signals are applied on separate partial electrodes, as shown in Figure 2.3.2.  The 

output is capacitively detected at the sense electrode.  All electrodes are separated 

from the beam by equal air gaps. 
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Figure 2.3.2 The structure of the resonator producing D0 bit. 

The resonance frequency is a function of the voltage difference between the beam bias 

and AC voltages on the electrodes. The AC signals on the drive and sense electrode are 

negligible compared to the beam bias and can be ignored. Therefore, the resonance 

frequency is a function of the amplifier output 𝑉𝑜𝑢𝑡 and can be obtained using the 

lumped-parameter method [24, 34]: 

The static equilibrium displacement 𝛿： 

𝑘𝛿 =
𝜕

𝜕𝑥
(

1

2
𝐶1𝑉2) +

𝜕

𝜕𝑥
(4 ∙

1

2
𝐶2𝑉2) 

The total displacement 𝑥(𝑡) can be separated into a dynamic part 𝑢(𝑡) and a static part 

𝛿: 

𝑥(𝑡) = 𝑢(𝑡) + 𝛿 

The lumped parameter equation of the device is: 
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𝑚�̈� + 𝑘(𝑢 + 𝛿) =
1

2
휀𝐴1

𝑉𝑜𝑢𝑡
2

(𝑑 − 𝑢 − 𝛿)2
− 4 ∙

1

2
휀𝐴2

𝑉𝑜𝑢𝑡
2

(𝑑 + u + 𝛿)2
 

The differential equation can be simplified and solved analytically: 

ω = √
𝑘

𝑚
−

휀𝐴1

𝑚

𝑉𝑜𝑢𝑡
2

(𝑑 − 𝛿)3
− 4 ∙

휀𝐴2

𝑚

𝑉𝑜𝑢𝑡
2

(𝑑 + 𝛿)3
 

where ω is the resonance frequency of the beam (radian), 𝑘 is the beam’s stiffness, m is 

the beam’s mass, 𝐴1is the overlap area between the beam and sense electrode, 𝐴2is the 

overlap area between the beam and one drive electrode, 𝑑 is the air-gap between the 

electrode and the beam, 휀 is the relative permittivity constant 1 in the air/vacuum, and 

𝛿 is the static deflection of the beam effected by the DC bias voltage. It is evident that 

the resonance frequency of the beam is negatively correlated with the beam voltage 

bias. When the number of 1 inputs (M) increase, the bias voltage on the beam 

𝑉𝑜𝑢𝑡 decreases linearly, which leads to an increase in the resonance frequency of the 

beam due to the electrostatic softening effect. 

ω = √
𝑘

𝑚
−

휀𝐴1

𝑚

(32 − 𝑀)2

(𝑑 − 𝛿)3
− 4 ∙

휀𝐴2

𝑚

(32 − 𝑀)2

(𝑑 + 𝛿)3
 

Finally the resonance frequency of the resonator is the function of the number of input 

1s, M, as the equation shows. When the M changes from 0-7, the frequency changes 

from f0–f7 accordingly. 
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2.3.2 Simulation Results and Analysis 

In this section, the simulation results of the 7:3 counter are presented and analyzed. 

First, the scale design and eigenfrequency analysis are discussed, followed by the 

frequency response analysis. 

The primary aspect of this design is whether the voltage difference among the different 

numbers of input logic 1s can provide a distinguishing frequency shift from each other. 

According to the lumped-parameter equation of the resonator: 

Δω

Δ𝑉𝑜𝑢𝑡
≈ −

휀𝐴1

𝑚

𝑉𝑜𝑢𝑡
 

ω(𝑑 − 𝛿)3
−

4휀𝐴2

𝑚

𝑉𝑜𝑢𝑡
 

ω(𝑑 + 𝛿)3
 

휀𝐴1

𝑚
≈

휀

𝜌𝑡
                   

Δω

Δ𝑉𝑜𝑢𝑡
∝ −

1

ω𝑡
 

where 𝑡 is the thickness, 𝜌 is the mass density of the material used for resonator. 

Assuming the frequency shift caused by varying voltage is negligible compared to the 

frequency, the effect of the biased voltage on the frequency shift Δω is inversely 

proportional to the thickness of beam. The simulation results concern a beam 60 um in 

length, 4 um in width, and 0.5 um thick. Here, 1 um, 1.5 um, 2 um are used to verify the 

relationship between the voltage and the frequency. 



55 
 

 

Figure 2.3.3 Eigenfrequency of the resonator under biased voltage. a) Beam thickness is 

0.5um. b) Beam thickness is 1um. c) Beam thickness is 1.5um. d) Beam thickness is 1.5 

um. 

As shown in Figure 2.3.3, the eigenfrequency of the beam is lower when the bias voltage 

is higher. For a 60 μm long, 4 μm wide, and 0.5 μm thick beam, the resonance frequency 

is around 920 kHz and the variation of any two adjoining eigenfrequencies under the 

bias voltage is approximately 11.6 kHz. The quality factor needed to separate the two 

peaks in close proximity is at least 80. As Table 2.3.2 shows, the frequency difference 
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between two close eigenfrequencies decreases in relation to the increasing beam 

thickness. Although a frequency difference of 11.6 kHz is certainly wider than 2.40 kHz 

for separating frequency peaks, 0.5 μm makes the fabrication process more difficult. If 

0.6 kHz is a sufficient separation of the frequencies, then the Q factor of the resonator 

should be higher than 7,200 that excellent optimization scales and measured conditions 

is highly required. Typically, the Q factor should be 1000–3000, and the Q for a 2.40 kHz 

frequency step is obtainable with a timesaving fabrication. Consequently, a beam that is 

1μm wide is used for further simulations. 

Table 2.3.2 Summary of the simulation results. 

 

Frequency Response 

After estimating a suitable Q factor of ~2000 for the designed device, the frequency 

response of the device can be simulated by using COMSOL Multiphysics software. The Q 

would be normally be affected by the pressure of vacuum and the scale significantly.  
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Figure 2.3.4 Frequency response under the biased voltage. 

As Figure 2.3.4 shows, the frequency response of the biased voltage from 25–32 V is 

marked by f0–f7. With increasing bias voltage applied on the beam, electrostatic force 

from the voltage difference between the electrodes and beam is reinforced, shifting the 

resonance frequency lower. As discussed, each resonator is driven by four specific 

frequencies at the same time, and they are on-resonance until the voltages tuned to the 

resonance equals that of the driven frequencies. For example, for resonator D2 the 

driven frequencies are f1, f3, f5, f7, the eigenfrequencies under bias voltage of 31 V, 29 V, 

27 V, 25 V, and corresponding to high output of the last bit 1 in 001, 011, 101, and 111 

cases, respectively. The simulated frequency response is a linear response which 

guarantees the stability and reproducibility of experimental results. 
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Figure 2.3.5 The time response of each resonator D0–D2 Vs input ones. 

According to the frequency response of the resonator under different bias voltages, the 

operation frequency of each resonator can be figured out from f0–f7. The D0 resonator is 

excited by AC signals f4–f7, which are 2123.6 kHz, 2125.9 kHz, 2128.1 kHz, and 2130.3 

kHz, for outputs of the first bit 1 in the 100, 101, 110, 111 cases, respectively. Fixing the 

operating frequencies for each resonator, the time response of the device under 

different input ones is shown in Figure 2.3.5.  As the blue line in the first subfigure in 

Figure 2.3.5 shows, the input one is stepped increasing, and the output of resonators 

D0–D2 show the summing results in binary form from 000 to 111. 
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Chapter 3  

Fabrication and Experimental Results 

3.1 Fabrication Process 

In this section, the micromachining fabrication process is described for implementing 

the clamped-clamped beam and is done by Kazmi [11]. This nanoresonator is fabricated 

using a <100>, heavily boron-doped silicon on insulator (SOI) wafer from Semiconductor 

Wafer Inc. to simplify the fabrication process. The SOI wafer is 4 inches and combines 2 

± 0.5 µm device layers, 1 µm insulator layer, and a 450 µm silicon handle layer.  

 

Figure 3.1.1 The substrate used for fabrication. 

The wafer was first cleaned through a standard process called RCA (the Radio 

Corporation of America) cleans. The first step was to remove all organic contaminants 

and particles through strong oxidation by using piranha solution, a 7:3 mixture of 

concentrated sulfuric acid and hydrogen peroxide heated to 120 °C. Then the wafer was 

briefly immersed in a 1% Hydrogen Fluoride (HF) solution for 15 s. The fabrication 

process is illustrated Figure 3.1.1.  
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After cleaning the wafer, Crestec e-beam writing was then used as a mask to define the 

device pattern. The positive e-beam lithography resists (950 PMMA A4) is spun over the 

chip with a thickness of 210 nm by 4000 rad/s. The resist is not sensitive to light but can 

be depolymerized by an electron beam. A reverse mask should be used for the positive 

e-beam resist. 

 

Figure 3.1.2 The mask of the device layer. 

 

Figure 3.1.3 Spinning the resist and structure after development. 

As shown in Figure.3.1.2, the resonator mask is used to define the device patterns in the 

silicon layer. In this layer, the electrodes and beam are figured out in the subfigure. For 

the nanodimensions of the expected resonators, the pattern is written on the resist 
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through a beam current of about 500 pA at 0.25 µs. After exposure, the developer 

solution is prepared by a mixed solution of methyl isobutyl ketone (MIBK) and 

isopropanol (IPA) at a 1:3 ratio. The chip should be immersed in the developing solution 

for 90 s to remove the exposed resist.  Then IPA is used to remove the residual 

developer and resist. 

 

Figure 3.1.4 The process of DRIE etching and striping resist. 

After development, it is important to etch the exposed silicon in the pink shadow area in 

Figure 3.1.3 to shape the anchor, beam, and electrode. The gap between the beam and 

the electrode is about 250 nm, and the depth of the silicon layer is 2 um. A high-aspect-

ratio etching technology was used for this height-width ratio etching process. With 

alternate cycles of C4F8 and SF6 gases, the SF6 plasma gas etches the silicon, while the 

C4F8 gas creates a passivation layer to protect the isotropic silicon etch. To achieve deep 

silicon etching with a high aspect ratio, the Bosch etch recipe [41] is optimized by the 

radio frequency (RF) power and gas flow ratios. 
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Through the deep reactive ion etching (DRIE) process, the silicon is removed until the 

buried silicon oxide layer is reached. After stripping the remaining resist, the silicon 

oxide layer is typically etched with HF. For a design with a suspending structure, it is 

important to avoid using HF solution etching because the stiction in the subsequent 

drying process will make the beam bend or even break [42]. At the scale of nanometers, 

gaseous etchants can permeate inside the structures to etch the silicon oxide under the 

beam without the limits of fluid surface tension. The wafer holder was preheated to 

40℃ and kept at this temperature for 20 min before releasing the beam. 

 

Figure 3.1.5 The process of beam release and the sectional view of the device. 

3.2 Experimental Setup and Measurement Results of ADC 

In this section, the experimental setting and methods are described, the testing results, 

including the frequency response and the time response of the device are tested, the 

ability of the designed device to function as an ADC is verified. 
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3.2.1 Experimental Setup and Procedure 

Figure 3.2.1 shows a scanning electron microscopy (SEM) image of the fabricated device. 

 

Figure 3.2.1 The SEM image of the device. 

A schematic of the experimental setup is shown in Figure 3.2.2. The device stays in the 

vacuum chamber of the probe station where the pressure is controlled by air pumps to 

maintain 6.8e-5 mbar to ensure low damping loss in the beam. The probe tips are 

connected to the anchor, drive, and sense electrodes of the resonator for driving and 

sensing electrical signals. The signal generator controlled by LabVIEW connects with the 

anchor used for generating different bias voltages over time. The network analyzer 

E5071C from Agilent Technologies supplies an AC signal to the drive electrode and 

acquires the amplified output signal from the sense electrode. The output of the device 

from the sense electrode is amplified by roughly 28 dB in two-stages with a low noise 

amplifier, MODEL SR445A from Stanford Research Systems, INC.  
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Figure 3.2.2 Schematic setup for characterization. 

First, the stepped frequency response for settling the operation frequency of each 

resonator is determined. The step voltage should be figured out first and should be 

around 0.5 V, as the simulation results show. The frequency response of the resonator 

under 48.5 V is tested by a sinusoidal signal, the sinusoidal signal is generated by the 

network analyzer sweeping the frequency domain around 26 MHz based on the 

simulation results we get before. By adding the voltage of different steps to the bias 

voltage, the step voltage is determined to 0.5 V by testing. Then each range of the 3-bit 

ADC’s analog input voltage should be 0.5 V and the total sampled voltage range should 

be 0–3.5 V. Accordingly, the stepped frequency response of a biased voltage of 48.5 V 

added to sampled the voltage of 0 V–3.5 V is tested in 0.5 V steps of the sampled voltage. 

The second step is used to verify the operation ability of the resonator as an ADC. After 

getting the frequency response of the stepped sampled voltage, the operation frequency 
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should be determined at the intersection of two close peaks. Fixing the frequency of the 

drive signal to the frequency of the intersection, the time response is tested by shifting 

the sampled voltage. As discussed, only one resonator should give a higher output while 

the others should be 0 as the sampled voltage varies. 

3.2.2 Experimental Results 

3.2.2.1 Frequency Response 

 

Figure 3.2.3 Stepped frequency response of the device. 

The experimental results of the stepped frequency response with a biased voltage of 

48.5 V added to the sampled voltage of 0–3.5 V are shown in Figure 3.2.3. As the 

simulation results showed, the higher the voltage, the lower the resonance frequency. 

The resonance peaks of the sampled voltage from 0–3.5 V correspond to the curve from 

light blue to red with the frequency shifting down from 26.17 MHz to 26.10 MHz.  
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3.2.2.2 Time Response 

In Figure 3.2.3, the operation frequencies of each resonator are marked by black dots 

from fop1 to fop7. Fixing the frequency of the drive signal, the time response of each 

resonator was tested further. The test results are shown in Figure 3.2.4 for the 4th 

resonator and Figure 3.2.5 for the 7th resonator. 

Figure 3.2.4 and Figure 3.2.5 show large (0.5 V) and small (0.1 V) voltage steps used to 

verify the operation. The enlarged figure in the cyan rectangle is shown as the lower 

graph for 0.1 V steps. While the frequency of the 4th resonator is fixed at fop4, the 4th 

resonator outputs 1 when 1.5 < Vs < 2, as the lower graph shows. If the sampled voltage 

does not lie in this range, a 0 output below the reference (the olive line) is sensed. The 

operation frequency of the 7th resonator is fop7. The 7th resonator outputs 1 when 3 < Vs 

< 3.5, as the lower graph in Figure 3.2.4 shows, and Vs = 3.25 resulting in the maximum 

output. The remaining outputs were verified and the results are not shown here for 

brevity. Figure 3.2.6 shows the output of all resonators and the corresponding one-hot 

output code. With the increasing sampled voltage, the resonators output high 

sequentially from 1st resonator to 7th resonator. 
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Figure 3.2.4 Time response of the 4th resonator. 

 

Figure 3.2.5 Time response of the 7th resonator. 
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Figure 3.2.6 Time response of all resonators. 
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3.3 Analysis and Design Optimization  

3.3.1 Analysis 

 The MEMS device and system design has a number of advantages such as ultra-low 

energy consumption and the long lifespan which microresonators provided. The MEMS 

design is able to perform complex functions with simple structures, which simplifies a 

circuit’s system and reduces the die area. 

The flash-style ADC design which this paper proposes requires only 7/2n-1 resonators to 

generate a 3-bit/n-bit ADC one-hot code. This is 14-22 times less than the number of 

transistors required by CMOS [43-45]. 

The speed and thus the sampling rate are further significant features of the ADC. The 

resonators’ switching speed equates to the resonance frequency over the quality factor 

[46]: 

𝑆𝑝𝑒𝑒𝑑 =
𝑓

𝑄
 

The resonance frequency of the current device is 26.14 MHz and the quality factor Q is 

3227, giving a sampling rate of 8 kS/s. 

More aggressive scaling optimization can increase speed significantly. For a clamped-

clamped silicon-based resonator of 1.5 um long, 400 nm wide and 600 nm thick, the 

resonance frequency is approximately 1.14 GHz under 40 V beam bias, when analyzed 
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by COMSOL Multiphysics. If a suitable voltage step is 2 V, the smallest Q required is 

approximately 3700 in order to guarantee a -3dB intersection of the peaks and valid 

operation of the ADC. The corresponding switching speed of this proposed device is 0.3 

MS/s. Scale optimization can further increase the speed by exploring new materials and 

decreasing the quality factor. This is discussed in the next section. 

The standard parameter normally used in ADC is Weldon Figures of Merit, which 

indicates the power-speed tradeoff:[47] 

FOM =
𝑝𝑜𝑤𝑒𝑟

2𝑁 ∙ 𝑓𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
 

𝑁 is the number of resolution bits of the ADC. 

The figure of merit (FOM) of our 3-bit ADC is 177.9 fJ per conversion step. Only one 

resonator is resonance-on at any one time, consuming energy which is multiple levels 

higher than the energy consumption of off-resonance devices. Thus the FOM of the 

proposed ADC will significantly decrease through increasing the resolution (ADC bits). 

Compared with CMOS counterparts in [43]and [44], the FOM is 10 and 8 times lower for 

the 4-bit and 5-bit versions of the proposed ADC respectively. Because increasing the 

resolution (ADC bits) does not significantly increase the energy consumption of the 

whole system, it is necessary to point out that larger ADCs of the proposed design have 

more obvious energy efficiency benefits. The N/MEMS ADC can be used in IoT battery-

operated platforms as well as unattended ground sensor systems which continuously 

operate at speeds below MHz and require ultra-low power consumption [26, 48]. 
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3.3.2 Design Optimization 

In this section, device size optimization is detailed to improve the operation speed. The 

response time of the device is related to the frequency and energy loss rate which are 

determined by size, material, shape, and effective force. 

To simplify the question and focus on the dimension design, we assume that the 

material is silicon and the shape is a clamped-clamped beam, which is a suspending 

bridge with vibration freedom ideally applied by point force. Consider an elastic beam of 

length L, Young's modulus E, and mass density ρ with uniform cross-section A, as shown 

in Figure 1, where I is the area moment of inertia of the beam cross-section. 

The natural frequency of clamped-clamped can be expressed as follows [34]: 

𝑓(𝐿 ℎ) =
1

2𝜋
√

384𝐸𝐼
𝐿3

𝜌 ∙ 𝑏 ∙ ℎ ∙ 𝐿
=

1

2𝜋
√

384𝐸ℎ2

12𝜌 ∙ 𝐿4
 

About Q,  only consider the support loss which is related with scales significantly and 

derive the below analytical expressions for a clamped-clamped microbeam Q [34]: 

Q(𝐿, ℎ) = α (
𝐿

ℎ
)

3

= 0.638 (
𝐿

ℎ
)

3

 

The optimization objective is to improve the speed of the device, which means higher f 

with lower Q. 

𝑎𝑟𝑔𝑚𝑖𝑛(𝑙𝑜𝑔𝑄 − 𝑙𝑜𝑔𝑓) 
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Subject to:   L ≥ 1000nm   
L

10
≥ ℎ    𝑓 ≥ 107 

The optimal solution is: 

[
𝑥∗

𝑦∗] = [
−6
−7

]      𝐿 = 10−6𝑚   ℎ = 10−7𝑚    

𝑓(𝐿, ℎ) =
1

2𝜋
√

384𝐸ℎ2

12𝜌 ∙ 𝐿4
≈ 7.32 × 108Hz 

Q(𝐿, ℎ) = α (
𝐿

ℎ
)

3

= 638 

The speed of the device is: 

𝑓

𝑄
= 1.147246 × 106 Hz 

Then, according to the optimal scaling parameters, the speed can be increased from 8 

kS/s to 1 MS/s, as expected.  
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Chapter 4 

Future Work 

MEMS/NEMS-based digital circuits, from simple logic gates to complex arithmetic 

functions and microprocessors, provide an appealing path toward the next generation 

of beyond-CMOS computing, given their potential for low energy consumption, low 

design complexity and small chip sizes which results in a lower cost per function. 

However, in order to be able to exploit the full potential of this technology, designers 

have to leap from simple logic blocks and implement larger blocks built by a 

combination of these smaller units. This requires a successful cascading scheme, which 

is currently under investigation by many researchers in the field, as mentioned in 

chapter 1.   

Cascading resonator blocks means that the output of each resonator should be able to 

drive the following resonator. Cascading can be done electrically or mechanically. In 

order to be able to electrically cascade two resonators,  a signal conditioning circuit is 

required as illustrated in Figure 1.1.6 [31]. In general, the output signal of a capacitively-

sensed resonator consists of two signals: a motional signal induced by the movement of 

the beam at resonance and a parasitic signal due to the inevitable parasitic capacitance 

between the drive and sense electrodes. The unwanted parasitic signal is usually too big 

that it can totally mask out the motional signal. Therefore, the circuit presented in [31], 

had a parasitic signal cancellation block to subtract the parasitic signal from the sensed 
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output, using a variable capacitor that was manually tuned to match the parasitic 

capacitance of the beam. However, this manual tuning is not a practical solution. In 

addition, a significant amount of the signal is lost due to the lossy nature of the 

resonator and large termination resistors were used to account for this loss. However, 

these resistors are very large and take a lot of space in the chip and also limit the signal 

bandwidth which is proportional to 1/RC. In addition, an amplifier circuit was included 

to amplify the motional signal and make it strong enough to drive the resonator in the 

next stage. These circuits are complicated and consume a considerable amount of 

power, which overshadows the energy-efficiency benefits of the resonators. 

Furthermore, the frequency mismatch between the different resonators caused by the 

unavoidable fabrication process variabilities makes it hard to successfully electrically 

cascade resonators. 

Therefore, it is imperative to provide a different cascading scheme that avoids all the 

challenges encountered in electrical cascading. We are currently working on a novel 

mechanical cascading. One of the proposed structures consists of multiple mechanically-

coupled beams and multiple split electrodes as shown in Figure 4.1.1. We can define 

mechanical cascading as the transfer of the motion of one beam at resonance to 

another beam.  As shown in Figure 4.1.1, the digital inputs applied at the four electrodes 

at the first level are DC voltages that are used to electrostatically tune the resonance 

frequency using the electrostatic softening effect. These inputs tune the resonance 

frequency of the near-by beams and affect the whole structure as well. This transfer can 
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be achieved by using coupling beams (springs) in mechanical structures. This structure 

can be extended and expanded, such that more inputs be added to the second stage, 

and their aggregate impact with the outputs of the first stage constitute the outputs of 

the second stage, and so on.  

 

Figure 4.1.1 The structure of a cascading device. 

COMSOL software was used to verify the operation of the proposed structure.  The 

beam is biased with 30 V. The digital input of the electrodes is 30 V for logic ‘1’ and 0 V 

for logic ‘0’. The simulated beam is 26 µm long, 2 µm wide and 8 µm thick. The coupling 

beam is 17 µm long, 2 µm wide and 8 µm thick. Figure 4.2.1 shows the eigenfrequencies 

of the device for different digital input combinations. The results show that the 

resonance frequency of the beam near the drive and sense electrodes is affected by the 

change in the digital inputs applied at the previous stage.  
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Figure 4.1.2 The eigenfrequency of the device compared to digital inputs. 

The future work includes, but is not limited to, optimization for the structure 

dimensions, location of the coupling beams and their dimensions as well, exploring 

multi-stage operation and exploring different locations for the input electrodes. In 

addition, the fabrication process should be optimized for the proposed structure.  

The proposed idea for mechanical cascading can make a revolution in NEMS resonator-

based circuits and will overcome one of the most challenging aspects of designing 

resonator-based systems. 
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