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ABSTRACT 

Micro-Electro-Mechanical Resonator-Based Circuits for Low Power 

Applications 

Sally Ahmed 

 

The notion of mechanical computation has been revived in the past few years, with the 

advances of nanofabrication techniques. Although electromechanical devices are 

inherently slow, they offer zero or very low off-state current, which reduces the overall 

power consumption compared to the fast complementary-metal-oxide-semiconductor 

(CMOS) counterparts. This energy efficiency feature is the most crucial requirement for 

most of the stand-alone battery-operated gadgets, biomedical devices, and the internet 

of things (IoT) applications, which do not require the fast processing speeds offered by 

the mainstream CMOS technology. In particular, using Micro-Electro-Mechanical (MEM) 

resonators in mechanical computing has drawn the attention of the research community 

and the industry in the last decade as this technology offers low power consumption, 

reduced circuit complexity compared to conventional CMOS designs, run-time re-

programmability and high reliability due to the contactless mode of operation compared 

to other MEM switches such as micro-relays. 

In this thesis, we introduce digital circuit design techniques tailored for clamped-clamped 

beam MEM resonators. The main operation mechanism of these circuit blocks is based 

on fine-tuning of the resonance frequency of the micro-resonator beam, and the logic 
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function performed by the devices is mainly determined by factors such as input/output 

terminal arrangement, signal type, resonator operation regime (linear/non-linear), and 

the operation frequency. These proposed circuits include the major building blocks of any 

microprocessor such as logic gates, a full adder which is a key block in any arithmetic and 

logic operation units (ALU), and I/O interface units, including digital to analog (DAC) and 

analog to digital (ADC) data converters. All proposed designs were first simulated using a 

finite element software and then the results were experimentally verified. Important 

aspects such as energy per operation, speed, and circuit complexity are evaluated and 

compared to CMOS counterparts. In all applications, we show that by proper scaling of 

the resonator’s dimensions, MHz operation speeds and energy consumption in the range 

of femto-joules per logic operation are attainable. 

Finally, we discuss some of the challenges in using MEM resonators in digital circuit design 

at the device level and circuit level and propose solutions to tackle some of them. 
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:  

Introduction 

Ultra-low power consumption has become an essential requirement in the internet of 

things (IoT) era. With the continuous miniaturization of the complementary-metal-oxide-

semiconductor (CMOS) technology, and the well-known voltage scaling roadblocks such 

as increased leakage energy, the power density has reached an ultimate peak. In order to 

benefit from the transistor scaling without increasing the power density, the supply 

voltage needs to be decreased, which adversely affects the performance of the 

transistors, and eventually increases the impact of subthreshold leakage, even when 

multi-core processing is enabled. Therefore, alternative computing techniques have been 

recently sought after. In particular, the interest in electro-mechanical computation has 

been renewed  due to the advancements in lithography and fabrication techniques [1]. 

Micro/nano-electromechanical (NEMS/MEMS) relays offer a low power alternative for 

integrated circuit applications due to their zero off-state current. MEMS structures, such 

as see-saw relay switches [2], torsional actuators [3], and micro-mirrors [4] were used to 

implement different logic gates. More complicated digital blocks, such as multipliers, 

adders, and data converters were implemented with NEMS relays [5-7]. Despite their 

cascadability and low power consumption, relays suffer from major shortcomings, such 

as low contact reliability, high contact resistance, and wearing, which limit their practical 

applications [8, 9]. Micro-electromechanical resonators provide a more reliable option as 

their operation depends on the amplitude of the vibrating resonator rather than physical 
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contact. MEM resonators have been used extensively in sensing and signal processing 

applications. In the past decade, researchers demonstrated MEM and NEM resonator-

based logic gates and memory devices. Unlike CMOS well-established circuit design 

techniques, there are no defined techniques for implementing logic gates and memory 

elements using resonators. In section 1.1, the different techniques presented so for are 

illustrated. These techniques include, but are not limited to, using piezoelectricity [10, 

11], activation and deactivation of vibration modes [11-13], the bi-stability of the non-

linear regime of resonators [14], mixed frequency excitation [15], and resonance 

frequency tuning. Section 1.2 will introduce the contribution of this thesis and the main 

technique used in developing the different applications.  

 Literature Review:  

In this section, we will go over the existing techniques for implementing logic gates using 

NEM and MEM resonators. 

1.1.1 Piezoelectricity 

The first resonator-based logic device was demonstrated in 2007 using a NEM cantilever. 

It was a NEM piezoelectric XOR gate implemented using the crystallographic anisotropy 

of d31 piezoelectric coefficient [10]. The device consists of a piezoelectric L-shaped 

cantilever that has two inputs applied at the anchors of the cantilever as shown in 

Figure 1.1. The two inputs are electrically isolated but mechanically coupled. When one 

of the inputs is active (‘10’ or ‘01’), the cantilever resonates and a 180° phase shift is 

created between the two outputs. Therefore, when both inputs are active (‘11’), the 



18 

 

 

amplitude of the output is attenuated due to the cancellation of motion from the two 

halves of the structure, thereby achieving the XOR gate functionality. 

 

Figure 1.1: L-shaped piezoelectric cantilever resonator used to implement a 2-input XOR Gate “Reprinted 

with permission from [10]. Copyright © 2007, American Association for the Advancement of Science.”  

1.1.2 Activation/Deactivation of Specific Vibration Modes 

In 2012, a membrane-based mechanical resonator (MMR) was used to implement a 

reprogrammable logic gate (XOR/OR) combining two physical effects: piezoelectric effect 

and activation/deactivation of specific vibration modes [11]. The MMR consists of a 

piezoelectric membrane with four isolated electrodes on top. As shown in Figure 1.2, two 

electrodes are used to apply the logic inputs (A and B) which are time varying waves. The 

output was measured both electrically (by measuring the voltage difference between the 

output electrode C and the bottom n-GaAs layer) and mechanically using a He-Ne laser 
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Doppler interferometer. By exciting the (0, 1) mode of the MMR, a high output can be 

detected only when one of the inputs is active as the inputs result in the same output 

displacement magnitude and opposite directions. Therefore, ‘11’ or ‘00’ cases will result 

in low output and the MMR works as an XOR gate. Similarly, by exciting the (1, 1) mode, 

the MMR is reprogrammed to work as an OR gate.   

 

Figure 1.2: An XOR gate (left) and OR gate (right) implemented using the (0, 1) mode and the (1, 1) mode 

of the MMR Respectively “Reprinted with permission from [11]. Copyright © 2012, AIP Publishing.”  

In [12, 13], Ilyas et al. demonstrated a MEM resonator-based logic gate based on the 

selective activation/deactivation of the second mode of vibration in a laterally-actuated 

clamped-clamped micro-beam resonator. The logic inputs are ac signals, applied at partial 

electrodes as shown in Figure 1.3. The device could work as a 2-input OR gate, a 2-input 

XOR gate or an inverter based on the input and output electrode configurations.  
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             (a)                (b) 

Figure 1.3: (a) A 3D schematic showing a clamped-clamped beam with four partial electrodes. The red 

electrodes are used for applying the digital inputs A and B which are ac signal with frequency equal to the 

second mode resonance frequency. A 2-input OR gate is implemented and the experimental results are 

shown in the bottom left figure. (b) The inverter gate electrode configuration and the experimental 

results. “Reprinted (in part) with permission from [12] © 2018 IOP Publishing Ltd.” 

1.1.3 Bi-stability of the Non-linear Regime 

The bi-stable regime has been used to implement logic gates and memory devices. In 

2010, a noise assisted reprogrammable nano-mechanical logic gate was presented [14]. 

The device operates in the bi-stable regime where the two stable levels define the output 

logic ‘0’ and output logic ‘1’. 
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Figure 1.4: (a) Frequency sweeps obtained at different input voltage levels, until the bi-stable regime is 

reached at 45mV. (b) Input voltage is swept at a fixed frequency in the bi-stable regime (3.158 MHz). The 

top right horizontal arrow shows the region of operation of the OR/NOR gate, while the bottom left arrow 

shows the region of operation of AND/NAND gates. (c) Device structure showing the experimental setup. 

"Reprinted with permission from [14]. Copyright (2010) American Chemical Society." 

 

By controlling the non-linearity of the resonator (the drive signal magnitude or by 

controlling noise level), the device can work as AND/NAND gates or OR/NOR gates. The 

resonator is driven at a fixed frequency in the bi-stable regime, and forward and backward 

sweeps of the drive signal amplitude are obtained, showing the hysteresis behavior.  

Different drive signal powers are used to implement the different logic gates as shown in 

Figure 1.4.   
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1.1.4 Mixed-frequency Excitation 

Another multifunctional MEMS resonator-based logic gate was implemented using 

mixed-frequency excitation where an AND/NAD, OR/NOR, and a tristate buffer were 

implemented [15]. The device consists of a clamped-clamped beam that moves out of 

plane and a bottom electrode separated from the beam by an airgap as shown in 

Figure 1.5. The main idea of that work is that if two ac signals, with frequencies ω1 and 

ω2, are applied to the resonator in specific configurations, the two signals will be mixed 

and the resulting electrostatic force will contain several frequency components (the 

original frequencies of the applied ac signals ω1 and ω2, their sum (ω1+ω2), their 

difference (ω1-ω2), a DC term and other negligible terms).  In order to implement AND 

(NAND) gate with a micro-resonator with a resonance frequency ωn using the additive 

combination, two signals A and B (the logic inputs) with frequencies ω1 and ω2 are applied 

such that (ω1+ω2 = ωn), which means that the beam will experience resonance only if the 

two frequencies are applied simultaneously i.e. when inputs A and B are ON. In order to 

implement the OR (NOR) gate, an additional control signal with frequency ω1 is applied to 

the beam, while the logic inputs A and B have the same frequency (ω2). In this case, only 

the 00 logic input will result in a low output while the rest of the combinations will 

definitely result in a frequency equal to the resonance frequency of the beam (high 

output). A tri-state buffer was implemented using the OR gate setup by re-defining the 

output states. 



23 

 

 

 

Figure 1.5: (a) A 3D schematic of the device showing a fixed-fixed beam with a bottom electrode. To 

implement a 2-input AND gate, the two signals (A and B), working at two different frequencies are applied 

at the fixed electrode. Only when both signals are ‘1’, the sum frequency component (which is equal to the 

resonance frequency of the beam) is produced by the resonator and the AND gate is implemented. (b) The 

truth tables of the AND/NAND gates. (c) Experimental results showing the output amplitude of the 

resonator for different input combinations [15].  © [2017] IEEE. 

1.1.5 Electro-thermal Resonance Frequency Tuning  

Another technique used to implement micro-resonator logic gates is electro-thermal 

resonance frequency tuning [16-18]. In [16], a reprogrammable micro-resonator based 

logic gate was demonstrated using a fixed-fixed arch beam resonator. As shown in 

Figure 1.6, the digital inputs are DC currents applied through the beam. When current 

flows through the beam, its temperature increases thereby changing its stiffness and its 

resonance frequency. Different amounts of DC current flowing through the beam result 

in different resonance frequencies. For a 2-input device, two branches were used for the 
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digital inputs. When both inputs are off (00), zero current flows through the beam and 

the resonance frequency occurs at region 1 (the black curve in Figure 1.7). When only one 

input is ON (10/01), a DC current (IT) flows through the beam and shifts its resonance 

frequency to region 2 (blue and red curves in Figure 1.7). When both inputs are ON (11), 

the current flowing through the beam doubles (2IT), which shifts the resonance frequency 

to higher frequency (region 3). By fixing the drive signal frequency to a specific frequency, 

some input combinations will match the beam’s resonance frequency with the drive 

signal frequency. Only these combinations will make the beam resonate. If the frequency 

of the drive signal is fixed to f0 in region 1, only the 00 logic input will match the resonance 

frequency of the beam with the input signal frequency, causing the beam to resonate and 

a relatively high output signal is detected (logic 1). The rest of the cases will shift the 

resonance frequency of the beam away from the applied signal frequency, causing low 

vibration of the beam (logic 0). Therefore, the NOR (OR) gate is implemented by using 

region 1. Similarly, the XOR (XNOR) is implemented by operating the resonator in region 

2, while the AND (NAND) gate is implemented by operating the resonator at region 3. 

Later on, a parity checker, which is basically a 4-input XOR gate was implemented using 

two micro-resonator devices from [16] configured as 2-input XOR gates and a differential 

amplifier acting as a 2-input XOR gate [18].  
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Figure 1.6: (a) A 2D schematic of MEMS resonator that can work as a reprogrammable logic gate. The device 

consist of a clamped-clamped micro-beam, a drive electrode and a sense electrode. Two branches are used 

for the two digital inputs. A current IT flows through the beam when one switch is ON. While 2 IT current 

flows if both switches are on. (b) A scanning electron microscopy of the tested device [16]. 
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Figure 1.7: Experimental results of the reprogrammable logic gate. The top figure shows the frequency 

response of the beam when AB= ‘00’. The two middle figures (red and blue curves) are the frequency 

responses for the ‘01’ and ‘10’ cases respectively, while the last figure shows the frequency response for 

the ‘11’ case [16]. 

In [17], more complicated combinational circuits (multiplexers and de-multiplexers) were 

presented. Two clamped-clamped micro beam resonators with different resonance 

frequencies were used to implement the mux and demux functions. As shown in 

Figure 1.8, the two beams are connected in series and the loop is closed by a select switch 

(S) and a DC voltage source. Each beam has a drive electrode and a sense electrode. The 
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two sense electrodes are shorted together while each input is applied to one of the drive 

electrodes. The two inputs are ac signal with frequency f.  The main idea is that only the 

first beam resonates at f when no current is flowing (when S= ‘0’), and when current 

passes (S= ‘1’), only the second beam resonates at f as the DC current will change the first 

beam’s resonance frequency.  Therefore, when S= ‘0’, the first input is passed to the 

output regardless of its value. When S= ‘1’, the second inputs is passed to the output. A 

demux has also been illustrated using the same technique and re-adjusting the input and 

output electrodes.  

 

Figure 1.8: 2:1 A 2D schematic showing how the two resonators are connected to implement a 2:1 mux 

[17]. 

1.1.6 Electrically-coupled Resonators 

Another important concept in digital logic design is the reversibility of the logic circuit. 

The loss of information (i.e. the output cannot be used to determine the values of the 

original inputs) sets a limit on the energy efficiency (the minimum energy consumption 

by an irreversible system can never go below the limit set by Von Neumann-Launder (VNL) 
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principle, regardless of the used technique or technology).  Therefore, by implementing a 

reversible system, there is a chance of optimizing energy consumption without any limit. 

In [19], a Nano electro-mechanical Fredkin gate was implemented using four electrically-

coupled resonators as shown in Figure 1.9. In a reversible gate, the number of outputs 

should be the same as the number of inputs. In addition, each output corresponds to one 

input (bijective mapping). As show in Figure 1.10, a Fredkin gate has three inputs (A, B, C) 

and three outputs (A’, B’, C’). The input C is used as a control signal. When C=0, A goes to 

A’ and B goes to B’. When C=1, the inputs are swapped which means A’=B and B’=A.  A 

fredkin gate was implemented using four identical resonators and details of the operation 

can be found in [19]. This universal gate is used to implement several functions by fixing 

some inputs and choosing one of the outputs. For example, in order to implement a 2- 

input AND Gate, B is fixed to 0, while A and C are used as inputs, and the output is taken 

from B’. OR, NOT and FANOUT gates can be implemented also using the same concept.  

 

Figure 1.9: A Nano electro-mechanical Fredkin gate implemented using four electrically-coupled NEMS 

Resonators [19]. "Reprinted with permission from [19]. Copyright (2014) American Chemical Society." 
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Figure 1.10: Fredkin Gate Truth Table [19]. "Reprinted with permission from [19]. Copyright (2014) 

American Chemical Society." 

 Thesis Contribution 

In this thesis, four different MEMS resonator device designs are used to implement 

reprogrammable logic gates, a full adder, which is the core block of the arithmetic and 

logic operations unit (ALU) of the central processing unit (CPU) of microprocessors, and 

I/O interface circuits. The general structure of the core device consists of a laterally-

actuated clamped-clamped micro-beam resonator with multiple electrodes on each side 

of the beam. The first MEMS resonator device, shown in Figure 1.11, consists of 4 side 

electrodes. One electrode is used as a drive electrode to electrostatically actuate the 

beam, and another one used as a sense electrode to capacitively detect the output signal. 

The rest of the electrodes are used for applying the digital inputs which are DC voltages: 

0V for logic ‘0’ and a higher voltage for logic ‘1’ input.  In the proposed devices, the 

electrostatic softening effect (reduction in the natural frequency of a resonator when 

subjected to higher electrostatic forces) is used to tune the resonance frequency of the 

beam by the digital inputs. In general, the resonance frequency of the resonator 
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decreases when its bias voltage increases. In the first three designs presented in this 

thesis, instead of changing the beam bias, the electrostatic force distribution along the 

beam is changed by varying the digital inputs on the side electrodes. Different digital input 

combinations result in different electrostatic force distribution along the beam. Hence, 

some combinations might have the same loading on the beam and will result in the same 

resonance frequency as will be discussed in the following chapters. In the fourth design 

that is used to implement an analog to digital converter, the electrostatic softening effect 

is also used, however, by changing the beam voltage bias only. 

 

 

Figure 1.11: A micro-beam resonator with 4 partial electrodes where A and B are the digital inputs. Any 

two electrodes can be chosen for applying the inputs 

 

To implement a specific circuit, we design it from scratch and treat it is as a black box. For 

logic circuits, by knowing the truth table, we design the resonator and the partial 

electrodes to implement that truth table with the minimum number of devices. The way 

to think about it is to look at the truth table and check which combinations result in a 

‘high’ output. Then, we design the device and make sure that the electrodes where the 

logic inputs are applied are located in a configuration that makes the combinations that 
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result in a ‘high’ output have the same effect on the beam’s resonance frequency, which 

is easy to do for 2-input logic gates. However, for multi-input logic gates, this task 

becomes more challenging and we will show how we could overcome this in chapter 3.  

In this thesis, we have three main designs. The first design, discussed in chapter 2, consists 

of a clamped-clamped beam, biased with a DC voltage, and four side electrodes as shown 

in Figure 1.11. This design is used to implement a 2-input reprogrammable logic gate. The 

device is modeled in MEMS+ software provided by Coventor Company. The model is then 

imported into cadence and used with other circuit components for further simulations 

and device optimizations. A layout is created using XMB10 process provided by X-FAB. 

This flow paves the way for implementing circuits and systems based on resonators.  

The second design, shown in Figure 1.12, is presented in chapter 3. The device consists of 

a clamped-clamped beam and six side electrodes, 4 of which are used for the logic inputs.  

This device is used to implement a 4-input reprogrammable logic gate and a compact full 

adder. The design is experimentally verified and a comparison with a traditional CMOS 

adder in terms of speed, area, device count, and power consumption is presented.  

 

 

Figure 1.12: A MEM resonator with 6 partial electrodes where A, B, C, and D are the digital inputs. 
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The third design, presented in the first part of chapter 3, is a modified version of the 

second design, where different beam/electrode airgaps were used to implement a digital 

to frequency converter, which is then used to make a digital to analog converter (DAC). 

The third design, shown in Figure 1.13, consists of 6 side electrodes, separated from the 

beam by different airgaps. The DAC operation was experimentally verified and compared 

with CMOS DACs. The second part of chapter 3 illustrates the design of an n-bit flash-style 

analog to digital converter (ADC) using 2n-1 resonators. The device used to implement the 

ADC consists of a clamped-clamped beam and two full electrodes only (drive and sense). 

The sampled analog signal is applied to the beam, thereby changing its resonance 

frequency.  By assigning different drive frequencies for the different resonators, each 

resonator will cover a specific input voltage range and will produce a ‘high’ output if the 

sampled signal lies within its assigned range. Only one resonator will produce ‘high’ 

output for a given input and a ‘one-hot’ code is produced at the output.   

 

Figure 1.13: A MEM resonator with weight-adjusted air gaps used as a 4-bit digital to analog converter. 
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Chapter 5 discusses some of the challenges in implementing circuits using resonators and 

proposes some solutions to address those issues. 
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:  

A MEMS Resonator with 4 Partial Electrodes For Implementing A 2-Input 

Reprogrammable Logic Gate 

 

 

In this chapter, we present a reprogrammable micro-resonator logic gate designed with 

an industrial standard process. The device operation is based on altering the resonance 

frequency of the beam using DC digital inputs. The proposed design methodology reduces 

design complexity by 4 to 10 times compared to traditional CMOS design techniques and 

has great potential for improving energy efficiency. The proposed device has been 

simulated by MEMS+ software provided by Coventor using the XMB10_M30 process 

design kit (PDK) and then exported into Cadence for further simulations and layout 

creation following the XMB10 process provided by X-FAB.  

This chapter has been presented at the 2019 Symposium on Design, Test, Integration & 

Packaging of MEMS and MOEMS (DTIP) [20] except for the motivation section. 1 

 Motivation 

Building systems based on MEM devices requires a standard fabrication process 

and a package that starts from device modeling, co-simulation with CMOS circuits, 

                                                 
1 © 2019 IEEE. Reprinted with permission from Ahmed, S.; Li, R.; Zou, X.; Hafiz, M. A. A.; Fariborzi, H., 

Modeling and Simulation of A MEMS Resonator Based Reprogrammable Logic Gate Using Partial 

Electrodes, 2019 Symposium on Design, Test, Integration & Packaging of MEMS and MOEMS (DTIP); 12-

15 May, 2019. 
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building a layout from a drawn schematic, automatic routing, and parasitic extraction. In 

addition, a standard cell library that consists of micro-resonator gates and blocks must be 

built. That will create more reliable devices with repeatable characteristics and paves the 

way for building more complicated systems. In particular, building multi-stage resonator-

based circuits is a challenging task as interface circuitry between different resonators is 

required [12]. These circuits may include amplifiers, buffers, feedthrough signal 

cancellation circuits, AC to DC converters…etc.  To implement these interface circuits, it 

is critical to have a deeper understanding of the electric characteristics of the MEMS 

resonator. Towards achieving this goal, we used Coventor MEMS+ software [21] to build 

and simulate the MEMS resonator device using XMB10_M30 PDK. Next, the MEMS+ 

model is exported into Cadence for further device optimizations, circuit simulations, 

layout creation, parasitic extraction, and post-layout simulation using XMB10 process 

[22]. 

 Device Structure and Operation 

The device consists of a silicon in-plane clamped-clamped micro-beam resonator 

and two partial electrodes on each side of the beam as shown in Figure 2.1.  An AC signal 

is applied to the drive electrode to electrostatically actuate the beam. When the 

resonance frequency of the beam and the frequency of the applied signal match, the 

beam resonates, and a relatively high output current is capacitively detected at the sense 

electrode.  The other two electrodes are used for applying the digital DC inputs.  
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Figure 2.1: MEMS+3D model for the micro-resonator beam with partial electrodes. 

 

The operation of the device depends on tuning the resonance frequency of the 

beam by the digital inputs (DC voltages) using the electrostatic softening effect. For the 

device shown in Figure 2.1 with equal air gaps between the beam and the side electrodes, 

three different frequencies (f1, f2, f3) can be obtained by applying digital inputs “00”, 

“01/10”, and “11” respectively with VA and VB. If the frequency of the drive signal is fixed 

to f1, only the “00” input combination leads to a match between the resonance frequency 

of the beam and the drive signal frequency, which correspondingly causes resonance, and 

a ‘high’ output signal is detected. The rest of the cases will result in a ‘low’ output. Hence, 

the resonator, in this case, works as a NOR gate. Similarly, by applying f2, the resonator 

works as an XOR gate, and applying f3 reprograms the resonator work as an AND gate.  

The concept was analytically modeled and experimentally verified in [23] with a 

device built using surface micromachining techniques in KAUST nanofabrication facilities; 
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however, the device was not sealed. Thus, all the testing had to be performed in a vacuum 

chamber, which leads to a constraint on the number of input/output ports that can be 

used, limiting the testing to a single device. In contrast, XMB10 process creates an 

industrial level, vacuum sealed devices that can be tested in the air without restrictions 

on the number of I/O ports. In addition, a large, deep cavity under the moving beam is 

included, which is expected to significantly decrease the feedthrough signal from the 

drive to the sense electrode; hence it maximizes the signal to noise ratio (SNR), which is 

a major challenge of this type of resonators. 

 Device Simulation in MEMS+ Software 

The device was simulated in MEMS+ using XMB10_M30 PDK. To build our device, 

the beam is created using a beam component with Timoshenko model. The partial 

electrodes were constructed using four side-gap components. In order to define the 

beam’s anchors and the cavity dimensions under the beam (which allows the beam to 

move), solid frame components were used. In addition, metal contacts were used on the 

electrodes and the anchors of the beam in order to provide electrical connectivity. The 

created MEMS+ device is shown in Figure 2.1. After that, mechanical and electrical 

connectors were connected. Different simulations were carried out in MEMS+. First, a 

modal analysis was done to identify the resonance frequency of the beam for the four 

different input combinations, where the digital ‘1’ voltage is 25V and digital ‘0’ voltage is 

0V. Next, AC responses using frequency sweeps around the identified resonance 

frequencies were done as shown in Figure 2.2. The “00” case resulted in a resonance 
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frequency at 167 kHz (NOR gate frequency of operation). The “01” and “10” cases resulted 

in a higher frequency at 173.4 kHz, while the “11” case resulted in 182 kHz resonance 

frequency. The separation between these frequencies depends on the beam DC bias, 

digital “1” and digital “0” values, and the stiffness of the beam.  

 

Figure 2.2: Frequency response of the micro-resonator for different input combinations. The beam length, 

lateral width and beam/electrode air gaps of the optimized device are 300 µm, 2 µm, and 2 µm. Digital ‘1’ 

is 25 V, digital ‘0’ is 0V, and the beam is biased at 30V. 

In addition, pull-in analysis was carried out for the four different combinations as 

shown in Figure 2.3. The values for digital ‘1’ and digital ‘0’ were fixed to 25V and 0V 

respectively, and only the beam bias was varied. Although MEMS+ simulations show that 

the beam does not pull-in if “00” or “11” combinations are applied, eventually the beam 

would pull-in due to pull-in instabilities. Simulations show that pull-in occurs for the beam 

towards the electrode with lower potential, i.e., where ‘0’ is applied, for the “01” and 

“10” cases, due to the higher electrostatic force between the beam and that electrode. 
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Figure 2.3: Pull-in analysis for the micro-beam under different input combinations 

 Device Simulation in Cadence Virtuoso 

2.4.1 Device Dimensions Optimization 

After creating a model for the micro-resonator device in MEMS+, the model is 

exported into Cadence for further simulations and layout finishing. First, a test bench is 

created using the imported resonator model, as shown in Figure 2.4. The device 

dimensions were optimized, using the AC frequency response, to get the maximum 

separation between the different peaks. First, the beam length was fixed to 300 µm, 

digital ‘1’ to 25V and the beam bias to 30V.  The beam width was then varied between 4, 

3 and 2 µm.  
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Figure 2.4: Test bench for the resonator in Cadence Virtuoso using the micro-resonator model imported 
from MEMS+. 

 

Figure 2.5: The effect of varying the beam lateral width on the frequency separation between the different 
peaks 
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Figure 2.6: The effect of varying the air gap between the beam and the partial electrodes on the frequency 

separation between the different peaks. 

As shown in Figure 2.5, the resonance frequency decreases and the separation 

between the peaks for the different input combinations increases for smaller beam 

widths (due to lower beam stiffness). Therefore, the beam width sis chosen to have the 

minimum allowed size, which is 2 µm according to XMB10 design rules. After that, the air 

gap between the beam and the partial electrodes is varied while fixing the beam’s width 

to 2 µm. Figure 2.6 shows that smaller beam/electrodes air gaps result in larger frequency 

separations between the different peaks due to the higher electrostatic forces (stronger 

electrostatic softening effect). In addition, a higher output voltage is detected for smaller 

air gaps as the electromechanical coupling coefficient increases for smaller air gaps. By 
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minimizing the beam width and the air gap, higher separations between the different 

peaks are obtained, which is important to ensure the correct functionality of the device 

as a reprogrammable logic gate. In addition, this gives more room for reducing the used 

voltages, which leads to lower energy consumption.  

2.4.2 Transient Analysis 

A transient analysis was performed to verify the functionality of the device.  The drive 

signal frequency was fixed at the frequency of the AND gate (182.226 kHz from Figure 2.2) 

while varying the inputs A and B. As shown in Figure 2.7, the amplitude of the sense signal 

(yellow) is relatively large (digital ‘1’) when both inputs A (red) and B (green) are ‘1’ while 

the rest of the cases gives a relatively lower output (digital ‘0’). The functions of NOR and 

XOR were also verified by fixing the frequency of the drive signal to 167 kHz and 173.4 

kHz respectively, but not shown here for brevity.  
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Figure 2.7: Transient analysis of the AND gate where VA and VB are the DC inputs, the drive signal is a sine 
wave fixed at 182.226 kHz. 

 

 Extracting the Motional Resistance of the Resonator 

In addition to the transient analysis, the motional resistance of the micro-resonator 

(Rm) can be determined from simulation by varying load resistor connected between the 

sense electrode and the ground. Figure 2.8 shows that the motional resistance of the 

beam must be greater than 100 MΩ. The exact value of Rm is the same as the load resistor 

value when the S21 peak is at -3 dB.  
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Figure 2.8: Finding out the motional resistance of the beam (Rm) by varying the load resistor. 

 

    Layout Creation and Post-Layout Simulation in Cadence Virtuoso 

After finalizing the dimensions, the layout is created using xmb10 utilities in 

Cadence Virtuoso Layout Suite starting from the initial layout imported from MEMS+ 

model. X-FAB made creating MEMS layout easy by providing some pre-built components 

that can be instantiated directly and the dimensions can be adjusted automatically, which 

helps in minimizing design rule errors. The final double chip layout is shown in Figure 2.9.  

Next, the coupled parasitic capacitances are extracted to study their effect on the 

resonator’s output. Among those parasitic capacitances, the one between the drive and 

sense electrodes has the largest impact on the resonator’s output. Due to the lossy nature 

of these resonators, the output signal that results from resonance (motional signal) is 
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usually much smaller than the feedthrough signal from the drive to the sense electrodes 

that it can be totally masked out. However, XMB10 process provides a deep, wide cavity 

under the beam which, we think, will help in minimizing the capacitances between the 

drive and sense electrodes. 

 

Figure 2.9: Double chip layout created in cadence using XMB10 process. 

In addition, the diagonal configuration of drive and sense electrodes plays a role in 

minimizing the feedthrough signal.  

After finishing the layout, we could access the parasitic capacitances of each electrode. 

However, due to the inexistence of universal power supply VDD in the resonator design, 

as well as the non-detectable Pcell on the sealed layout, CMOS alike parasitic extraction 

is not supported by the PDK in this case. Therefore, we used a pseudo-schematic to make 
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the layer versus schematic (LVS) run and assigned the beam, which connects to a fixed DC 

source, as the reference. Subsequently, additional capacitors with values obtained from 

Quantus QRC extraction are added to the schematic for post-layout simulation. 

 

Figure 2.10: Circuit schematic showing the parasitic capacitances’ locations in the resonator. 

 

Table 2.1: Extracted capacitance values 

 

 The schematic, shown in Figure 2.10, shows the existing parasitic capacitances in the 

resonator devices and Table 2.1 shows their extracted values. Figure 2.11 compares pre-

layout and post-layout frequency responses. The resonance frequencies slightly shifted 

due to coupled capacitance, however, the shift is not significant and can be ignored.  

There is no extracted value for the capacitance between the drive and sense as the 

extraction happens between the metal interconnects only, without considering the 

leakage through the substrate. The resonator model needs to be adjusted to account for 

this. 
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Figure 2.11: Pre-layout and post-layout output comparison 

 Discussion 

Designing logic gates and circuits based on micro- or nano-resonators have some 

appealing aspects but also some trade-offs. The attractive aspects include run-time re-

programmability, reduced complexity, and potentially low energy consuming logic circuits 

compared to its CMOS counterpart. Some of the limitations are speed and the required 

signal conditioning circuits. 

Run-time re-programmability allows using the same hardware to implement 

different functions, which can lead to minimizing the overall footprint of the system when 

using nano-scale resonators. Table 2.2 compares the number of required CMOS 

transistors and resonators to implement NOR gate, AND gate, and a full adder [24]. Using 
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electromechanical resonators can reduce digital design complexity by 4 to 14 times 

compared to traditional CMOS designs.  Regarding area consumption, the dimensions of 

the device determine the overall area. Although micro-scale resonators are bulky in 

general, nano-resonators can reduce area consumption. For example, the nano-resonator 

based full adder in [24, 25] is 45 times smaller than a CMOS mirror adder in 65nm 

Technology. In addition to reduced complexity, the proposed micro-resonator based 

gates are expected to have lower energy consumption due to the absence of DC currents, 

only switching energy and AC activation energy are involved as discussed in detail in [23]. 

The switching speed of micro-resonators is critical to circuit operations. In general, 

the speed of any device that involves mechanical motion is much lower than the speed of 

electronic devices. MEM resonators are not designed to compete with CMOS in this 

regard. However, they fit the applications that require low energy consumption and low-

to-moderate speeds like the internet of things (IoT) devices [26]. The required transition 

time (ts) for a resonator to switch between two states depends on the quality factor Q 

and the resonance frequency fs (ts =Q/fs) [27]. 

Table 2.2: Comparison Between the number of required devices using CMOS technology and MEMS 
resonators 

 Technology 

NOR AND 

Full Adder 

2 bit 4 bit 2 bit 4 bit 

Device Count 

CMOS(Transistors) 4 8 6 10 28 

M/NEMS Resonators 1 1 [14] 1 1 [14] 2 [14] 
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From the transient analysis in Figure 2.7, the transition time is around 0.1ms, 

which corresponds to Q of 27 and a speed of 10 kHz. The simulation was done at a 

pressure of 800 Pa. The quality factor is determined by the losses in the system that 

include viscous losses, anchor losses and material losses [28]. Viscous losses (air damping) 

is a function of the device dimensions, the separation between the moving part and the 

fixed part(s), and air (fluid) pressure. At low pressure, viscous losses are minimized, and 

other kinds of losses take over. Indeed, by simulating our resonator at different pressures 

starting from 800 Pa down to 1 Pa, no considerable difference is noticed in the value of 

Q. In general, increasing the speed of the resonator can be achieved by designing the 

resonator to work at a high frequency and a moderate quality factor. There are many 

factors to be considered for the appropriate value of Q. One of them is the separation 

between the different peaks. For high Q resonator, the frequency separation can be 

minimized which reflects lower energy consumption as the digital ‘1’ voltage does not 

have to be big. However, that also leads to lower switching speed. On the other hand, if 

Q is low, the device will switch faster, but higher voltages (both the beam bias and the 

voltage value for a digital ‘1’) will be required to make sure that the frequency separation 

between the different peaks is enough for correct operation and also to increase the 

signal to noise ratio. Therefore, micro-resonator logic gates should be designed, and the 

operating conditions should be optimized based on the application. 

Another important aspect is the required signal conditioning circuit for micro-

resonator based logic circuits. In the proposed device, the digital inputs are DC voltages 
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while the output is an AC signal. Therefore, a circuit is required to rectify the output signal 

and amplify it to prepare it for the next stage. Rectification can be eliminated by unifying 

the input and output signal types [12]. The amount of required amplification can be 

minimized by using termination resistors with values close to the motional resistance of 

the resonator as discussed in [12]. Other aspects like frequency stability and temperature 

stability have been studied in [23]. 

 Conclusion 

Modeling, simulation, and layout creation of a micro-resonator based 

reprogrammable logic gate in a standard XMB10 process were done using Coventor 

MEMS+ and Cadence Virtuoso. The final device layout was created in Cadence using 

XMB10 utilities provided by X-FAB. This work paves the way for the design and simulation 

of hybrid/integrated MEMS and CMOS circuits in the future.  
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: 

A MEMS Resonator With 6 Partial Electrodes For Multi-Input  

Reprogrammable Logic Gate and Full Adder Applications  

 

 

In this chapter, the design principles and experimental demonstration of a compact full 

adder along with a reprogrammable 4-input logic gate are presented. The proposed 

solution for implementation of digital circuits is based on a clamped-clamped micro-beam 

resonator with multiple split electrodes, in which the logic inputs tune the resonance 

frequency of the beam. This technique enables re-programmability during operation, and 

reduces the complexity of the digital logic design significantly; as an example, for a 64-bit 

adder, only 128 micro-resonators are required, compared to more than 1500 transistors 

for standard CMOS architectures. We also show that an optimized simulated micro-

resonator based full adder is 45 times smaller than a CMOS mirror adder in 65nm 

Technology. While the energy consumption of this early generation of micro-resonator 

logic gates is higher than the CMOS solutions, we show that by careful device optimization 

and shrinking of the dimensions, femto-joules energy consumption and MHz operation, 

required by the internet of things (IoT) applications, are attainable.  

 



52 

 

 

This chapter has been published in IEEE Transactions on Circuits and Systems II [24].2 

In this chapter, a general 4-input reprogrammable logic gate and the first micro-resonator 

based full adder are presented. Although the proposed device and our previous device 

presented in the previous chapter [23] use the same physical phenomena, namely 

resonance frequency tuning by electrostatic softening effect, there are several 

differences between the two works. The major differences are the number of partial 

electrodes and digital inputs, the number of applied drive frequencies, the impact of the 

location of drive, sense and digital input electrodes, the overall design methodology, and 

the circuit applications. We show that the application of two drive frequencies, instead of 

a single frequency as in [23], along with an increased number of input electrodes, can 

result in a significantly more compact and energy-efficient design for critical digital circuit 

blocks, such as adders. This is different from [18], where multiple 2-input devices from 

[16] were used to implement a 4-input XOR gate using conventional CMOS design 

techniques. 

The rest of this chapter is organized as follows. In section 3.1, the device structure, 

operation, and simulation results are presented. Section 3.2 shows the experimental 

results. A thorough discussion on energy and speed trade-offs and prospect for 

miniaturized resonators is presented in section 3.3, followed by concluding remarks in 

section 3.4. 

                                                 
2 © 2019 IEEE. Reprinted, with permission, from Ahmed, S.; Ilyas, S.; Zou, X.; Jaber, N.; Younis, M. I.; 

and Fariborzi, H.  A Compact Adder and Reprogrammable Logic Gate Using Micro-Electromechanical 

Resonators With Partial Electrodes. IEEE Transactions on Circuits and Systems II: Express Briefs, vol. 66, 

no. 12, pp. 2057-2061, 2019. 
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 Device Structure and Operation Principles  

The device consists of an in-plane clamped-clamped micro-beam with six split electrodes. 

The device is fabricated using a silicon on insulator (SOI) wafer with a highly doped device 

layer. First, a metal bi-layer consisting of Cr/Au is lifted off to define the contact area, 

followed by deep reactive ion etching (DRIE) of the silicon device layer to define the beam 

and the side electrodes. Finally, the beams are released using vapor HF. 

For the operation of the device, the logic inputs, which are DC signals, are applied at the 

four corner electrodes, as shown in Figure 3.1 (a) and in Figure 3.1 (b).  One of the middle 

electrodes is used for electrostatically driving the beam while the opposite electrode is 

used for sensing the output motional signal. 

When the frequency of the applied AC signal matches the resonance frequency of the 

beam, it resonates and a relatively high output signal is detected. This defines the output 

logic 1. On the other hand, the output signal is very low in the off-resonance state; thus 

defining the output logic 0. The operation of the device depends on modulating the 

resonance frequency of the beam by the applied logic inputs through the electrostatic 

softening effect. The four corner electrodes were selected for applying the logic inputs as 

they have the same loading effect on the beam. Theoretically, the input combinations 

that have the same number of logic 1’s should result in reasonably close resonance 

frequencies for the beam. So, for four inputs, we expect to have five different resonance 

frequencies (f0-f4), where fn corresponds to n logic 1 inputs. 

 



54 

 

 

 

(a) 

                  

(b)                                                                    (c) 

Figure 3.1: (a) SEM image of the device showing the experimental setup. (b) 3D Schematic of the micro-

resonator with six partial electrodes.  The beam is 500µm long, 2.3µm wide and 30µm thick. The air gap 

between each electrode and the beam is 8µm. (c) COMSOL simulation results (squares) and experimental 

data (circles). 

To verify the concept, a finite element simulation using COMSOL software (Electro-

Mechanics Physics, Structural Mechanics module and pre-stressed Eigen-frequency 

study), was performed to find the resonance frequencies of the beam for all different 

combinations. Four DC voltage signals were applied at the four corner electrodes while 

the drive and sense electrodes were grounded. Logic 1 for the inputs is 25V, while logic 0 

is 0V. The beam is biased with 60V. Parametric sweep was performed on the four inputs 



55 

 

 

and the resonance frequency of the beam was calculated for the sixteen different 

combinations from 0000 to 1111. Figure 3.1 (c) indicates that both simulation results 

(squares) and experimental data (circles) have the same trend in frequency shift in the 

different states. However, a small deviation is noted due to residual stresses and 

imperfections in the fabricated device, which are not accounted for in the model. These 

stresses can be minimized by optimizing the fabrication process to control the stress in 

the beam. 

We should mention here that for proper operation of the device, it is very important to 

make sure that the resonance frequency shift ∆𝑓 between two adjacent cases, for 

example, the cases of all zeros and single ones, is greater than the full- width at half 

maximum power, which is defined as  

 02f f Q             (0.1) 

                         

    

, where f0 is the resonance frequency and Q is the quality factor [19]. Based on the 

proposed operating principle, two different applications will be discussed, multi-input 

logic gates and a full adder. 

3.1.1 Reprogrammable Logic Gates 

The proposed logic device is reprogrammable such that different gate operations can be 

achieved by selecting different operating frequencies. In order to realize a 4-input NOR 

gate, an AC signal with frequency f0 is applied to the drive electrode. In this case, only the-

all-zeros input state will match the resonance frequency of the beam with input frequency 

f0, hence a high output signal (on-resonance) is obtained. The rest of the input 
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combinations will shift the beam’s resonance frequency to values different from f0 and 

will result in a low output signal (off-resonance). Similarly, applying the frequency of all-

ones case (f4) to the drive electrode will program the device to work as a 4-input AND 

gate.  

3.1.2 Full Adder Operation 

The full adder device has three inputs (A, B, Cin) and two outputs (Sum, Cout), where A and 

B are the two digits that should be added, Cin is the carry in, and Cout is the carry out. The 

outputs of the full adder are described as follows: 

inSum A B C           (0.2) 

out in inC AB AC BC           (0.3) 

The sum is basically a three-input XOR gate while the carry is a majority function which 

means that the output is high if the input contains at least two ones. Unlike the case of 

AND and NOR gates that require only a single frequency for operation (f0 and f4, 

respectively), each output of the full adder requires two frequencies to be applied 

simultaneously. For example, in order to implement the sum bit, the output must be high 

if the input vector contains single 1 or three 1’s, so two different signals with frequencies 

f1 and f3 should be applied simultaneously. Similarly, the carry out output requires the 

application of two signals with the frequencies f2 and f3. 

 Results 

Figure 3.1 (a) shows the experimental test setup and the SEM image of the device. First, 

a frequency sweep is performed for each logic combination. Next, the sixteen frequency 
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responses from the sixteen input combinations are plotted together as shown in Fig. 2 

(a), and the frequencies of operation of the five different cases (f0, f1, f2, f3, f4) are 

determined. After that, the time response is obtained by fixing the frequency of the 

applied AC signal at the drive electrode to the frequency of interest and varying the logic 

inputs. 

3.2.1 Logic Gates  

As explained earlier, 4-input NOR gate and 4-input AND gate can be obtained by selecting 

the right operating frequency. Figure 3.2 (a) shows the frequency response of the 16 

combinations. The blue curve represents the frequency response of the micro-resonator 

under all zeros case ABCD=0000. The NOR gate is implemented by fixing the frequency of 

the AC signal at the drive electrode to 77.5 kHz.  Figure 3.2 (b) shows the output S21 

parameter for the NOR gate for different inputs (VA, VB, VC, and VD). Only all zeros case 

results in a high output signal while the other fifteen cases result in a low output signal at 

the given operating frequency. The red curve in Figure 3.2 (a) represents the frequency 

response for 1111 case. Similarly, by fixing the frequency of the drive signal at 78.47 kHz, 

the AND logic gate can be realized as shown in Figure 3.2 (c).   
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(a) 

 

   (b)      (c) 

Figure 3.2: (a) Frequency response for all input combinations. The 0000 and 1111 cases are highlighted as 

they are used for NOR and AND gate operations, (b) Time response for a 4-input NOR operating at 77.5 kHz, 

(c) Time response for a 4-input AND operating at 78.47 kHz. 
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3.2.2 Full Adder 

 
 

Figure 3.3: Block diagram of a 2-bit micro-resonator based full adder. 

 

For the full adder, shown in Figure 3.3, three corner electrodes are used as inputs and the 

fourth electrode is grounded. Figure 3.4 (a) shows the frequency response of the eight 

different input combinations of a full adder. The black curve represents the beam’s 

frequency response under all zeros condition 000 with resonance occurring at 77.5 kHz 

(f0). The pink, dark green and blue curves represent the frequency response of the beam 

when only one input is high. Although theoretically speaking all those cases should result 

in the same resonance frequency for the beam, the case of “001” is slightly shifted to the 

right due to fabrication imperfections. However, the shift is tolerable and the resonance 

peaks of the three cases intersect at 77.75 kHz (f1), which is chosen as the operating 

frequency for the single one case. For the case of two 1’s the resonance occurs at 78 kHz 

(f2). Finally, the all-ones case shifts the resonance frequency of the beam to 78.2 kHz (f3).  
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After identifying the resonance frequencies, the drive electrode is fixed at the frequency 

of interest and the time response is measured. To obtain the sum output, two frequencies 

(f1 and f3) should be applied simultaneously to the device. This can be done in different 

ways, for instance by electronically mixing the two frequencies and applying them to the 

same electrode, by applying the two signals to separate electrodes or by applying one 

frequency to the drive electrode, and combining the other frequency with the beam DC 

bias using a bias tee. However, due to some limitations in our current experimental setup, 

only one frequency could be applied and detected at the same time. As shown in 

Figure 3.4 (b), the sum was obtained in two steps, first by applying the frequency of single 

one (f1), the blue curve, followed by applying the frequency corresponding to the three-

ones case (f3), the green curve. Similarly, the carry is obtained by applying (f2), the orange 

curve, followed by (f3), the green curve. 
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(a) 

 
(b) 

 

Figure 3.4: (a) Frequency response of the resonator for the 8 different combinations, with the 4th bit fixed 

to 0, (b) Time response showing the full adder outputs. 
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 Discussion 

It is of paramount importance to highlight the potential advantages and possible 

obstacles in using micro/nano-resonator technology in building logic blocks. Some of the 

important aspects that are discussed in this section include speed, energy consumption, 

area requirement, complexity, and cascading plan. Other aspects like frequency stability 

and temperature stability have been discussed in [23]. The speed of the device is 

determined by the mechanical transition time ts, which is determined by (𝑄 𝑓)⁄ , where Q 

is ≈ 1000 operating at 700 mTorr and f is the resonance frequency. The mechanical 

transition time for this device is estimated to be 12.98 ms, which limits the speed of the 

resonator to ≈ 77 Hz. However, the speed can be increased by two means: either by 

reducing the quality factor of the resonator, which adversely affects the signal to noise 

ratio or by designing the resonator to operate at higher frequencies (megahertz or 

gigahertz) as shown in Table 1. By doing that, an operating speed in megahertz is 

potentially achievable.  

Another important evaluation metric is the consumed energy per logic operation. The 

total energy per logic operation for the current device has two components: switching 

energy (ESwitch) and ac activation energy (EActivation)  

Total Switch ActivationE E E                         (0.4) 
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                                 (0.5)    

, where C is the capacitance between one split electrode and the beam, which is around 

5.17 fF, VBeam is the beam DC bias. In order to calculate the switching energy per logic 

operation, we need to calculate the average of the energies for the different 

combinations. For the four input NOR and AND gate, the switching energy per operation 

is 13.1 pJ. For the full adder, which is comprised of two micro-resonators with three 

inputs, the switching energy per operation is 18.7 pJ. Note that the switching energy can 

be significantly reduced by decreasing the capacitance and the operating voltages, which 

can be done by careful shrinking and optimization of the device dimensions and its 

stiffness as shown in Table 1. The activation energy can be calculated using (2.6)  

2

Activation sE t V Z                  (0.6)   

21

2050 10
S

Z                 (0.7) 

, where V is the RMS value of the applied AC signal and Z is the impedance of the micro-

resonator which can be calculated using (0.7) [23]. With measured insertion loss of 80 dB, 

the impedance of the micro-resonator was found to be around 500 kΩ. With V=5 mV 

(RMS), the activation energy is ≈ 0.6 pJ. The total energy per operation for a logic gate is 

19.3 pJ, while the full adder’s total energy per operation is 18.7 pJ. Note that the total 
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energy is dominated by the switching energy, which can be reduced by optimizing the 

device dimensions. 

STable 3.1 summarizes the energy, speed, and area of simulated micro-resonator design 

with different dimensions and resonance frequencies. Reducing device dimensions in 

design 2, 3 and 4 enables the use of lower voltages for logic 1 and the beam bias compared 

to the tested device (design 1). This reduces the energy per operation by more than three 

orders of magnitude. In addition, the higher resonance frequencies of designs 2-5 result 

in faster operation. Note that in STable 3.1, design 3, 4, and 5 show that for the same 

resonator dimensions, by lowering the quality factor, which can be partially controlled by 

the vacuum level during testing, the speed increases. However, the minimum required 

separation between the different resonance peaks increases according to (0.1) and higher 

voltages will be required to ensure that, which results in higher energy per operation.  

Looking into the complexity aspect, a standard CMOS 4-input NOR/AND gate requires 

8/10 transistors, while the same operations can be performed using only one 

reprogrammable micro-resonator device. Similarly, a mirror adder in CMOS technology 

requires 28 transistors, while it can be implemented with only two of the proposed micro-

resonator-based devices. Note that if the same function is implemented with the micro-

resonator proposed in [23], 8 devices will be required. A comparison between a micro-

resonator adder and CMOS mirror adder [29] is shown in Table 2.2. The miniaturized 

resonator-based adders are approximately 45 times smaller than the standard mirror 

adder in 65nm CMOS technology. The energy per operation for micro-resonator adders 
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is one to two orders of magnitude lower than the CMOS counterparts, up to the operation 

frequency of a few MHz. It’s worth mentioning that the speed can be increased to GHz by 

choosing the right material and design of a resonator with THz resonance frequency [30]. 

The proposed design methodology could also be applied to optical resonators reporting 

10 Gbps speed [31]. Another observation here is that the inputs and the outputs of the 

micro-resonator device are not compatible (DC inputs and AC output). Therefore, a signal 

conditioning circuit is required between different stages (Figure 3.3). We are currently 

investigating design strategies, such as resistive termination between logic stages [12], to 

minimize the need for extra signal conditioning blocks. 

STable 3.1: Speed, area, and power consumption of the proposed micro-resonator design with different 
dimensions. The quality factor (Q) can be partially controlled by the vacuum level. L, W, G, and T are the 
beam length, width, beam/electrode air gap, and beam thickness. 

 

Table 3.2: Comparison between the proposed full adder design and CMOS mirror adder in 65nm 
technology. 

 

 

 

Design 
Beam Dimensions (µm) Area 

(µm2) 

Resonance 
Frequency 

(f) 

Qmin 

Speed 
(f/Q) 

kHz 

Beam 
Bias 

(V) 

Inputs (V) Switching 

Energy/Op 

Total Power 
Switching + 

Activation L W G T ‘0’ ‘1’ 

1 (DUT) 500 2.3 8 30 10150 77   kHz 1000 0.077      60  0 25   9.230  pJ  0.71  nW    

2 20 0.35 0.45 0.35 37  6     MHz 1600   6        15  0 5   4.300  fJ 17.82  pW       

3 

0. 66 0.05 0.05 0.05 0.28 0.96 GHz 

104   90      15  0 5   0.166  fJ 19.88  pW 

4 1280   750  30  0 10   0.664  fJ 0.50    nW 

5 640   1500    30  0 30   1.195  fJ 1.790   nW 

Speed 
Micro-resonator Full Adder 

Mirror Adder in CMOS 65nm 

Technology 

Energy/Op Power Area (µm2) Energy/Op Power Area (µm2) 

77     Hz        (Design 1) 18.7     pJ  1.4      nW 20300 220     pJ 16.94   nW 

32 

6       kHz      (Design 2)    8.8       fJ  35.6    pW 74 1.412 pJ 16.94   nW 

90     kHz      (Design 3) 0.443  fJ  39.8    pW 

0.7 

94.41 fJ 16.97   nW  

0.75 MHz     (Design 4) 1.34     fJ  1          nW 11.87 fJ 17.59  nW 

1.5   MHz     (Design 5) 2.39     fJ  3.59    nW 6.32   fJ 18.9  nW 

Number of Devices 2 28 transistors 
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 Conclusion 

We have demonstrated the design and operation of a 4-input reprogrammable logic gate 

and a full adder using micro-resonators. The operation of the device is based on the 

resonance frequency tuning of the beam by the logic inputs. The applied frequencies 

determine the function of the device. The energy per operation for the current device is 

in 10s of pico-joules and can be further reduced to femto-joules level by optimizing the 

structure to have high resonance frequency, low stiffness and moderate quality factor.   
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:  

MEMS Resonator-based Data Converters 

 

In the previous chapters, we presented a 2-input, a multi-input reprogrammable logic 

gate and a full adder based on MEMS resonators with multiple partial electrodes. In this 

chapter, we present two more essential elements that are required for building a system 

based on resonators. The two components are a digital to analog converter (DAC) and an 

analog to digital converter (ADC).  

 Digital to Analog Converter 

We present a novel design of a low power micro-electro-mechanical digital to analog 

converter (DAC) based on a clamped-clamped micro-beam resonator with multiple split 

electrodes and capacitive air gaps of various widths. The proposed n-bit DAC device 

operates at a single drive frequency and can access one of 2n distinct stable states based 

on the applied digital combination. The digital inputs modulate the beam’s resonance 

frequency using the electrostatic softening effect, where the input combinations with 

larger equivalent decimal values result in smaller beam resonance frequency. Although 

the tested device consumes 151 pJ per conversion step with a conversion speed of 0.64 

kHz, we show that by moderate down-scaling of the device dimensions, femto-joules 

energy consumption and MHz conversion speeds are attainable. 
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Section 4.1 has been published in the journal of Microelectromechanical Systems 

(JMEMS) [32].3 The introduction of the paper has been removed to avoid repetition. 

In previous the previous chapters , MEMS resonator-based reprogrammable logic gates, 

and a full adder were implemented using fixed-fixed micro-beam resonators with multiple 

split electrodes on each side of the beams. The electrostatic spring softening effect is used 

in all of these applications, where the digital inputs (DC voltages), applied on the partial 

electrodes, modulate the resonance frequency of the beam. In order to implement the 

full adder circuit [24], 6 split electrodes (3 electrodes on each side of the beam) were 

used, and the four electrodes near the beam anchors were used to apply the digital inputs 

since they have almost the loading on the beam. By doing that, the combinations that 

contain the same number of ‘1’s or ‘0’s result in the same resonance frequency for the 

beam.  In order to build a digital to analog converter (DAC), which is an essential 

sensor/circuit interface element, the weight of each bit should be accounted for. To 

achieve this goal, we have redesigned the device in the previous chapter [24, 25] to tune 

the impact of each digital input according to the position of the bit.   

This work is an extension to the work originally presented in Transducers/Eurosensors 

2019 [33] with additional results and optimization of the experimental conditions to 

guarantee 100% correct transitions in the output when the digital inputs change. The 

organization for the rest of this section as follows. Section 4.1.1 describes the device 

                                                 
3 © 2020 IEEE. Reprinted, with permission, from Ahmed, S.; Zou, X.; Jaber, N.; Younis, M. I.; and 

Fariborzi, H.  A Low Power Micro-electromechanical Resonator-based Digital to Analog Converter. 

Journal of Microelectromechanical Systems, vol. 29, no. 3, pp. 320-328, June 2020. 
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design, operation and two approaches for obtaining the required airgap sizes. Section 

4.1.2 shows the new experimental results while section 4.1.3 discusses some important 

aspects, such as conversion speed, energy consumption, frequency stability, and DAC 

linearity. 

4.1.1 DAC Design and Operation 

  In order to implement a digital to analog converter, there should be a one-to-one 

correspondence between the digital inputs and the outputs. To achieve this, each input 

needs to have a unique effect on the resonance frequency of the beam, the resonance 

frequency should monotonically increase or decrease when the decimal equivalent value 

of the input bits increases and all the inputs need to have only one stable solution at a 

specific frequency, which will be chosen as the frequency of operation for the DAC.  

The proposed 4-bit DAC device consists of a fixed-fixed beam, biased with a fixed DC 

voltage VBeam, and six split electrodes as shown in Figure 4.1. The two middle electrodes 

are used as Drive and Sense electrodes while the four electrodes near the anchor are used 

for applying the digital inputs. The drive electrode is used to apply an AC signal, which 

creates a time-varying electrostatic force, causing the beam to vibrate with a large 

amplitude when the frequency of the applied signal matches its resonance frequency. The 

output is capacitively detected at the sense electrode. The digital inputs are DC voltages 

where 0V represents the digital ‘0’ input and a higher voltage represents the digital ‘1’ 

input. 
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Figure 4.1: A 3D schematic of the proposed 4-bit digital to analog converter. The device consists of a fixed-

fixed beam and multiple split electrodes. The input vector is D3D2D1D0, where D0 is the least significant bit 

(LSB) and D3 is the most significant bit (MSB). The air gaps between the electrodes and the beam are 

adjusted based on the weight of the applied bit such that gD0 > gD1> gD2> gD3. 

 

These inputs modulate the resonance frequency of the beam using the electrostatic 

spring softening effect, which reduces the beam’s resonance frequency when the voltage 

difference between the beam and the side electrodes is bigger. This means the ‘0000’ 

combination should result in the maximum voltage difference between the beam and the 

four electrodes, hence, the minimum beam resonance frequency is obtained, while ‘1111’ 

should result in the maximum beam resonance frequency.  

As mentioned earlier, the four corner electrodes have the same loading on the beam if 

they are identical in the overlap area with the beam, and if they are separated from the 

beam by equal gaps (same capacitance). To achieve different loadings on the beam from 

these electrodes, we choose to change the air-gap widths between the electrodes and 

the beam and adjust their values based on the weight of the applied input bits such that 
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the more significant bits have stronger effects on the resonance frequency of the beam 

than the less significant ones. This means the electrodes of the more significant bits 

should be closer to the beam. Therefore, for a 4-bit input vector D3D2D1D0, where D0 is 

the least significant bit, the air gaps are designed such that gD0 > gD1> gD2> gD3.  

 Obtaining Airgaps Using COMSOL FEM Software 

The values of the air gaps are determined through simulations using the Multiphysics 

finite element software COMSOL. The optimization of the air gaps starts with the design 

in [24], which has equal beam/electrodes airgaps. This configuration results in having the 

same beam resonance frequency for the input combinations that have the same number 

of ‘1’s or ‘0’s as shown in Figure 4.2 (a).  

First, the air gap of the most significant bit gD3 is adjusted to split the 8 upper and 8 lower 

combinations. In order to do that, all air-gaps are fixed and only gD3 is decreased till the 

eight combinations with D3= ‘0’ result in relatively lower resonance frequencies compared 

to the other eight combinations where D3 = ‘1’.  By decreasing gD3, the beam experiences 

stronger electrostatic forces from that electrode, which leads to decreasing (increasing) 

the resonance frequency if D3 is ‘0’ (‘1’). Next, the obtained value of gD3 in the previous 

step is used and gD2 is decreased, while fixing gD1 and gD0, till the combinations with D2= 

‘0’ result in a relatively lower resonance frequency than those where D2= ‘1’, for the same 

D3 value. The same procedures are followed to obtain the values for gD1 and gD0 until an 

increasing relation between the inputs and the resulting resonance frequency is obtained 
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as shown in Figure 4.2 (b). Next, a more systematic approach for obtaining the required 

airgaps is developed. 

 
 

(a) (b) 
 

Figure 4.2:  Simulation results obtained by COMSOL software showing the resonance frequency of the beam 

as a function of the digital input combinations in case of (a)  equal air gaps, and (b) weight-adjusted air gaps 

(gD0>gD1>gD2>gD3). 

   

 Analytical estimation of the weight-adjusted airgaps 

In this part, an analytical estimation of the airgap values is carried out.  The airgap values 

obtained using the following method can be used as initial values in COMSOL for further 

optimizations, thereby reducing the steps mentioned in part A. By modifying the 

resonance frequency equation in [25], which was derived for the same structure with 

equal air gaps, the resonance frequency with weight-adjusted air gaps can be described 

as follows: 
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                (1.1) 

where ω is the resonance frequency of the beam, k is the beam stiffness, A is the cross-

sectional area between one electrode and the beam, g is the air gap between the beam 

and the drive or sense electrode, gD0, gD1, gD2, and gD3 are the airgaps between the beam 

and the corner electrodes D0, D1, D2, and D3 respectively, δ, δ0, δ1 are the static deflections 

of different beam segments, which are much smaller than airgaps and can be ignored, 

and VDrive and VSense are too small compared to VBeam and can be ignored. By applying the 

‘1111’ combination, the last four terms in (1.1) will be zero since VD0= VD1= VD2 =VD3= VBeam. 

The resonance frequency of the ‘1111’ case beam can be expressed as follows:  

  

2

1111 3

2 Beamk A V

m m g


         (1.2) 

  

By assuming that only one of the bits is ‘0’, for ‘1110’ case, for example, equation (1.1) 

can be simplified as follows and will be a function of only one of the unknown air-gaps: 
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         (1.3) 

    

By taking ω1111 as a common factor in (1.3), and doing some approximations: 
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This approximation is valid since the change in the resonance frequency Δω(1111-1110) is 

much smaller than the resonance frequency. 
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Where C is a constant since VBeam does not change. By applying the same equations for 

the following cases: ‘1101’, ‘1011’ and ‘0111’, the following relations are obtained: 

(1111 1101) (1111 1011) (1111 0111)3 3 3

1 2 3

, ,
D D D

C C C

g g g
              (1.8) 

 

In order to obtain a linear relationship between the inputs and the resonance frequency, 

a constant frequency shift is assumed between two consecutive inputs and the following 

relation should be valid:  

(1111 1110) (1111 1101) (1111 1011) (1111 0111)8 4 2                (1.9) 
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By substituting(1.6), and (1.8)  in (1.9) the following relation between the air-gaps is 

obtained: 

 3 3 3 3

0 1 2 3

1 1 1 1
8 4 2 1

D D D Dg g g g
      

      (1.10) 

Which can be rewritten as: 

0 3 1 3 2 3 3 3 3

0 1 2 32 2 2 2 2n

D D D D Dng g g g g             (1.11) 

 

Equation (1.11) can be used to obtain an estimation for the required air gaps for any 

clamped-clamped beam. One airgap has to be assumed and the rest can be obtained using 

(1.11). However, this is only an approximation. A comparison between the air-gaps 

obtained by COMSOL and the analytical values obtained using (1.11) is shown in Table 4.1. 

Although they are not identical, the analytical values are very close to the ones obtained 

by COMSOL and can be used as initial values for further optimizations in COMSOL. 

Table 4.1: Air-gap sizes estimated analytically, optimal gaps obtained iteratively using COMSOL software 

and gaps of the fabricated device 

Air Gaps Estimated by (12) COMSOL Fabricated 

d0 8 8 8.74 

d1 6.349 6 6.24 

d2 5.039 4.6 5.41 

d3 4 3.8 3.33 

 

4.1.2 Experimental Results 

Figure 4.3 (a) shows a scanning electron microscopy (SEM) image of the fabricated silicon 

micro-resonator along with the experimental setup. The device is fabricated by MEMSCAP 
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Inc. foundry using the SOIMUMPs process [34]. The device is placed inside a vacuum 

chamber. A network analyzer is used to provide an AC signal to the Drive electrode while 

the output is fedback to the network analyzer, after passing through a low noise amplifier 

(LNA), for S21 measurement. The digital inputs are applied using the Arduino micro-

controller and a switching circuit. The beam is biased with 40V, the digital ‘0’ is 0V, and 

the digital ‘1’ is 40V.  

 
 

(a) 
 

 
 

(b) 
 

Figure 4.3: a) An SEM for the fabricated silicon micro-resonator DAC indicating the experimental setup.  

The beam is 500 µm long, 3µm wide, 25µm thick and all split electrodes are 156 µm long. (b) A zoomed-in 

picture showing the air-gap sizes after fabrication. 
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Although the device was designed for a 4-bit DAC, due to some possible variations in air-

gap sizes between the simulated and fabricated device and some residual stresses that 

were not accounted for in the simulation, only a 3-bit DAC had the expected result and 

the least significant bit D0 was left floating. However, these variations between the 

designed and fabricated values can be minimized using the stochastic optimal control 

method described in [35].  

Two main steps are performed in testing the resonator. First, forward and backward 

frequency sweeps are conducted for each input combination and all resonance peaks are 

plotted together. Next, one frequency is chosen as the DAC frequency of operation, to 

which the drive signal is fixed for time response measurement and function verification. 

 Frequency Response 

The resonator can work in the linear or the non-linear regime based on the input signal 

power and the damping forces (which can be partially controlled by the vacuum level). 

For the fabricated device, resonance peaks are obtained using backward and forward 

frequency sweeps for each input combination (from 000 to 111). If the resonator is 

operated in the linear regime, the resonance peak is symmetric and the forward and 

backward sweeps are identical, which means only one stable solution exists at each 

frequency for each combination (mono-stable). In the non-linear operation, the 

resonance peak is pulled towards the right due to mid-plane stretching [36] and the peak 

is no longer symmetric. In the non-linear operation, in addition to the mono-stable 
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regime, there is another regime where two stable states exist for each combination (bi-

stable region). Experiments were conducted to explore the operation in the linear regime, 

the bi-stable region of the non-linear regime, and the mono-stable region of the non-

linear regime. 

 Operating the DAC in the linear regime: 

First, we investigate the operation of the DAC in the linear regime. Figure 4.4 shows the 

resonance peaks for all eight combinations.  In order to operate the DAC at a single 

frequency, all input combinations should have different outputs (solutions) at the 

frequency of interest (labeled as f1 or f2 in Figure 4.4), and the output level should increase 

(or decrease) as the digital input increases. Therefore, all operating parameters are 

chosen such that all resonance peaks are close to each other, unlike the case in [24], 

where all peaks should be properly separated to guarantee the correct operation of the 

logic gates. By operating the device at a moderate pressure level (4.7 Torr) using -2dBm 

drive signal power, linear responses are obtained as shown in Figure 4.4. Although each 

input results in a different resonance frequency, some output levels are very close at f1 or 

f2, which may result in erroneous output, especially with frequency fluctuations. For 

example: if the DAC is operated at f1, the following cases: ‘101’ (orange), ‘110’ (gray), and 

‘111’ (blue) result in almost the same output level (which is close to the noise floor). In 

order to make sure that all levels are distinguishable and above the noise floor, we 

decided to increase the input power and operate the device in the non-linear regime. 
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Figure 4.4: Measured linear resonance peaks of the device for each digital input combination, under the 

following conditions: 50V beam bias, 40V digital ‘1’, 4.7 Torr, and -2dBm AC drive power. 

 

 Operating the DAC in the bi-stable region of the non-linear regime: 

In this part, the resonator is operated in the non-linear regime by decreasing the pressure 

level to 40 mTorr and the DAC operation is explored in the bi-stable regime Figure 4.5 (a) 

and (b) show the forward and backward frequency sweeps of the eight input 

combinations, with different input powers: -12 dBm and -2 dBm, respectively. In both 

cases, the frequency f2 lies in the mono-stable region of ‘111’ response and the bi-stable 

region of all other combinations and the DAC must be initialized with ‘111’. Since the 

device is operated in the bi-stable region, each combination (except ‘111’) has two stable 

solutions at f2: a ‘high’ solution and a “low’ solution. In Figure 4.5 (a), although all ‘high’ 
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output levels at f2 are less noisy than the output in Figure 4.4 and are properly separated, 

transitions between the different ‘high’ levels are not 100% guaranteed as some 

transitions might result in the ‘low’ state instead of the ‘high’ state, based on the initial 

conditions. Therefore, the DAC should not be operated in the bi-stable region.  

 Operating the DAC in the mono-stable region of the non-linear regime: 

On the other hand, choosing f1, which lies in the mono-stable region, as the frequency of 

operation guarantees 100% correct switching regardless of the initial conditions. If the 

input power is -12 dBm, as shown in Figure 4.5 (a), only two cases have unique outputs 

(000 and 001) and the rest of the inputs result in very close undistinguishable outputs at 

that frequency. In order to overcome this issue, the input power is increased to -2 dBm, 

as shown in Figure 4.5 (b), which increases the non-linearity of the responses, thereby 

increasing the range of the mono-stable operation.  This leads to having more room for 8 

DAC distinct levels, in descending order, and above the noise floor. Therefore, we choose 

to operate the DAC at the mono-stable region of the non-linear regime, using a high 

driving power. 
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  (a) 

 

(b) 

Figure 4.5: Forward and backward frequency sweeps for the resonator operated in the non-linear regime 

for each input combination under the following conditions: 40 mTorr, 40 V beam bias, 40V digital ‘1’, 0V 

digital ‘0’, and an input AC signal power of (a) -12 dBm, and (b) -2dBm. 

 

 

 



82 

 

 

 Time Response and Function Verification 

After determining the operating conditions for the DAC to be the one in Figure 4.5 (b), 

the frequency of the drive signal is fixed at f1 and the time response is recorded while 

varying the digital inputs. Figure 4.6 (a) shows the S21 parameter when the digital inputs 

are varied from 111 to 000, in descending order. Note that 000 input has the highest 

amplitude at f1 as illustrated in Figure 4.5 (b) as it results in the lowest resonance 

frequency as expected. A digitized sine wave, generated by Arduino, was applied to the 

DAC and the reconstructed analog signal is shown in Figure 4.6 (b). Figure 4.7 (a) and (b) 

show transitions between different levels to ensure the DAC’s correct operation. 

 
(a)             (b) 

Figure 4.6: Time response showing the S21 parameter for each combinations working at f1 with 40V beam 

bias, 40V digital ‘1’, low pressure, and -2dBm ac input power where (a) shows the S21 parameter for 

transitions from 111 to 000 in descending order, and (b) shows a sine wave constructed by the micro-

resonator DAC, the input digital sine wave is generated by Arduino. 
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(a)                                                                                  (b)  

 
Figure 4.7: Transitions between different levels showing the S21 parameter at VBeam=40V, AC power =-

2dBm, and f1=82.9kHz for (a) random transitions, (b) transition from the lowest level resulting from ‘111’ 

to the higher levels.   

4.1.3 Discussion  

The interest in micro-resonator-based circuit design has been increasing due to its many 

promising features. In this section, we will discuss some important aspects of the MEMS 

DAC, such as conversion speed, energy consumption, frequency stability, and DAC 

linearity. 

Regarding the conversion time tConversion (speed), it is a function of the quality factor of the 

resonator Q, and the resonance frequency of the beam f (tConversion=Q/f). The conversion 

time varies based on the difference between the initial and final levels. The longest 

transition time is from 111 to 000. By measuring Q of the response in Figure 4.5 (b) [37], 

Q is found to be around 200, with a resonance peak at 82.9 kHz, the conversion time is 

2.4 ms, which corresponds to 0.4 kHz conversion speed. As mentioned earlier, such slow 
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speed can fit well several sensing and other applications where the variations of the 

parameters of interest are slow, such as temperature and pressure variations. 

Nevertheless, we believe that by optimizing the dimensions of the resonator and 

increasing its resonance frequency to GHz [38], and using Q of 100, MHz conversion speed 

is attainable. 

Another very important aspect is the energy consumption of the DAC. The energy 

consumed by the resonator consists of two parts: switching energy (ESwitching), which is the 

energy consumed when one bit or more change their value(s), and actuation energy due 

to the AC signal applied to the drive electrode, which we call EAC. The switching energy 

can be calculated using the following equation: 

2 2 2 2

0 0 1 1

2 2 2 2

2 2 3 3

( ( ) ) ( ( ) )1

2 ( ( ) ) ( ( ) )

D Beam Beam D D Beam Beam D

Switching

D Beam Beam D D Beam Beam D

C V V V C V V V
E

C V V V C V V V

      
   

      
  (1.12) 

 

where CD0, CD1, CD2, and CD3 are the capacitances between the beam and the electrodes 

where D0, D1, D2, and D3 are applied respectively. These capacitances are different due to 

the different air gap values for each bit. The digital inputs VD0, VD1, VD2, VD3 are either 0V 

for digital ‘0’ input or 40V for digital ‘1’ input. The switching energy is calculated by taking 

the average of all possible combinations, which are eight only in the tested device since 

only a 3-bit DAC gave the expected result. ESwitching is estimated to be around 1 pico-joule 

per conversion step. The other part of the energy, which is due to the actuation signal EAC, 

is calculated using the following equation: 
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where Vrms is the RMS value of the actuation signal, which is 177 mV (-2 dBm), Ztotal is the 

parallel combination of the motional resistance and the parasitic capacitance between 

the drive and sense electrodes, which was experimentally determined to be 499 kΩ. The 

estimated EAC is around 150 pJ, which is more than the switching energy. Therefore, the 

total energy is 151 pJ per conversions step. Further optimizations of the device are 

required to decrease the required AC actuation energy. A scaled 4-bit DAC with the 

following parameters: beam length= 10 µm, beam width and thickness=200nm, 

VBeam=15V, and digital ‘1’ =10V, and optimized air gap sizes: gD0=300nm, gD1=240nm, 

gD2=190nm, gD3=110 nm, is expected to consume 2.7 fJ/conversion step with a speed of 

0.1 MHz assuming a Q of 100. A comparison between some CMOS DACs and the proposed 

DAC is illustrated in  

Table 4.2. Although the tested DAC consumes considerable energy compared to CMOS 

DACs [39, 40], the moderately-scaled DAC mentioned earlier reduces the energy 

consumption to 2fJ per conversion step (95 % reduction in energy per conversion step 

compared to CMOS). In addition, the 4-bit CMOS DAC implemented in [40] requires 

around 56 transistors compared to a single resonator using the proposed technique. 
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Table 4.2: A comparison between CMOS DAC and the proposed DAC. 

Technology 
CMOS 40nm 

[39] 

CMOS 65nm 

[40] 

Resonators 

Tested Device Scaled Device 

Resolution 6 bits 4 bits 3 bits 4 bits 

Sampling Rate 4 GHz 10 GHz 0.6 kHz 0.1 MHz 

Power (W) 13 m 30 m 773 n 4.3 n 

FOM (pJ/Conversion Step) 0.05 0.187 151 0.002 

 

 It is also important to study the frequency stability of the resonator since the 

operation of the DAC is sensitive to frequency fluctuations. To experimentally study the 

stability of the proposed DAC, we monitor the amplitude fluctuations at a fixed frequency 

for the eight possible input combinations over an extended period of time (1600 s). By 

utilizing the frequency response curves, the recorded amplitude data can be converted 

into frequency values. The fluctuation in the resonator response can be attributed to the 

different possible noise sources, which include instrumentation, thermomechanical, and 

adsorption-desorption noises [41-43]. To further study the stability, the Allan deviations 

σ(τ) of the recorded noise data were calculated as depicted in Figure 4.8 and used to 

identify the type of noise. At low integration time where the slope is negative, the noise 

is dominated by white noise. For high integration time at which the curves are constant, 

the noise is dominated by the flicker noise [41, 42].  The maximum reported Allan 

deviation value is σ (1) = 3x10-4 at τ = 1s for ‘001’ case, which corresponds to frequency 

fluctuations of ±24.7 Hz. Since the frequency of operation of the DAC is fixed, the ± 24.7 
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Hz frequency fluctuations for the ‘001’ case will result in ± 0.27 dB fluctuations in the 

output for the chosen test conditions (Figure 4.5 (b)), which is still within the ‘001’ output 

range. In general, the frequency deviations are very small and have a negligible effect on 

the operation of the DAC.  

 

Figure 4.8: Allan deviations for each input combination with the following test conditions: 40 mTorr 

pressure, 40V beam bias, 40V digital ‘1’, 0V digital ‘0’ and -2dBm input signal power. The maximum 

calculated deviation is 24.78 Hz, which occurs for the ‘001’ case at integration time τ=1s. 

 

 Another important aspect of the DAC operation is its linearity. The linearity errors 

are known as differential non-linearity (DNL) and integral non-linearity (INL). These errors 

depend on the operating parameters of the DAC as shown in Figure 4.9 and Figure 4.10. 

Larger separations between DAC output levels are noticed for larger VBeam, mainly due to 
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the larger separation between the different peaks. However, the DAC linearity errors also 

increase by increasing VBeam as shown in Figure 4.11 (a) and Figure 4.11 (b).   The maximum 

calculated DNL/INL values are around 1.25/1.3 LSBs for 50V beam bias, which decreases 

to 0.6/1 LSBs, respectively, for a bias of 40V. That is another reason to fix the beam bias 

to 40V to reduce linearity errors and to have an acceptable difference between the 

different levels. More optimizations of the device dimensions and operating parameters 

can be done to minimize linearity errors and operating voltages. 

 
Figure 4.9: Time response of the DAC under different operating conditions as mentioned in the legend. 

The different conditions include different frequencies of operations, different regimes, different input 

power, and different beam voltage bias. 
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Figure 4.10: Actual DAC output (straight line) versus the ideal output (dashed line) for different beam 

voltage bias at -2 dBm AC voltage. The frequency of operation is 82.9 kHz for VBeam=40V and 81.49 kHz for 

VBeam=50V. 

 
 

 
 

(a)                                                                            (b) 
 

Figure 4.11: (a) Differential non-linearity (DNL), and (b) integral non-linearity (INL) of the resonator DAC 

under different beam voltages. 
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4.1.4 DAC Conclusion 

In this section, the first MEMS resonator-based digital to analog converter is presented. 

The weights of the applied bits are accounted for by adjusting the air gaps between the 

input electrodes and the beam. The operation of the DAC is based on the electrostatic 

spring softening effect. The proposed DAC consumes 151 pJ per conversion step with a 

conversion speed of 0.64 kHz. We show that by moderate device scaling, femto-joules 

energy consumption and MHz conversion speed are attainable. The number of bits can 

be increased by adding more electrodes and taking care of the air-gap widths and the 

location of each electrode with respect to the beam. The proposed DAC is suitable for IoT 

applications that require moderate speed and low energy consumption. Implementing a 

MEMS resonator-based digital to analog converter paves the way for a whole system 

implementation using resonators. 

 Analog to digital Converter 

In this section, we introduce an analog to digital converter (ADC) design based on NEMs 

resonators. ADCs are essential components of any system since all the signals around us 

are analog and need to be converted into a digital form to be processed by the 

electronic chips, which is the function of ADCs. In this part, a flash-type analog to digital 

converter is presented. The modelling of the resonator-based ADC and the experimental 

results were obtained by Xuecui Zou. 
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This section contains excerpts from [44] .4 

4.2.1 Device Structure and Operation 

The proposed ADC resembles the flash CMOS ADC in its parallel configuration. For an n-

bit ADC, 2n-1 identical resonators are required, similar to the CMOS counterpart that 

requires 2n-1 comparators. The resonators output a one-hot code (only one resonator 

gives a logic ‘1’ output, the rest give a logic ‘0’ output). Each resonator consists of a 

laterally-actuated clamped-clamped Nano beam, biased with a DC voltage, a drive 

electrode and a sense electrode. The resonators should be operated in the linear regime. 

The sampled input VS is applied to the beam and tune its resonance frequency as shown 

in Figure 4.12. First, we assume that the sampled voltage VS can take values between V0 

and V7. For a 3-bit ADC, this voltage range is divided into seven segments and 7 resonators 

are required to implement a 3-bit ADC. To explain the operation, we will explain how one 

resonator works as a comparator. The first resonator will produce a logic ‘1’ if the sampled 

signal lies between V0 and V1. As shown in Figure 4.12, when VS = V0, the resonance peak 

occurs at f0. When VS changes to V1, the resonance peak occurs at f1. The step voltage (V1-

V0) is chosen such that the intersection between their resonances occurs at -3dB from the 

maximum output, which is defined as Vref in Figure 4.12. If the sampled voltage value lies 

between V0 and V1 while fixing the drive signal frequency to fop1, the output voltage will 

                                                 
4 © 2020 IEEE. Reprinted in part with permission, from X. Zou, S. Ahmed, S. Kazmi, P. da Costa, M. 

Younis and H. Fariborzi, "A Nanoelectromechanical Resonator-Based Flash Style Analog to Digital 

Converter," 2020 IEEE 33rd International Conference on Micro Electro Mechanical Systems (MEMS), 

Vancouver, BC, Canada, 2020, pp. 822-825. 
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be greater than Vref and a logic ‘1’ is produced at the output. If VS is not within that range, 

a logic ‘0’ is produced at the output.  

 

 

Figure 4.12: The top part shows the device structure which consists of a clamped-clamped beam biased 

with a DC voltage VBias, a Drive electrode, and a Sense electrode. The sampled inputs VS is applied to the 

beam and alter its resonance frequency. When the sampled voltage VS=V0, the resonance peak occurs at f0. 

When the sampled voltage changes to V1, the resonance peak shifts to f1. The intersection point of these 

two resonance peaks is chosen as the frequency of operation for the first resonator. By fixing the drive 

signal frequency to fop1, and defining the logic ‘1’ and logic ‘0’ output regions using Vref as the threshold, the 

resonator works as a comparator. If the sampled input lies between V0 and V1, the output is logic ‘1’, 

otherwise, the output is ‘0’ [44]. 
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(a) 

 

(b) 

Figure 4.13: (a) System architecture for a 3-bit ADC, it consists of 7 resonators (D1 to D7), operating at 

different frequencies (fop1 to fop7) in order and generating seven outputs S1 to S7. A one-hot to binary 

encoder is then required to generate the 3 bits [44].  

Figure 4.13 (a) shows the system architecture of a 3-bit ADC, consisting of seven 

resonators D1 to D7, operating at different frequencies fop1 to fop7 respectively, which are 

defined in Figure 4.13 (b). If VS lies between V1 and V2, then only S2 is ‘1’ and the rest are 

zeros and so on.  
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4.2.2 Experimental Results 

 

(a) 

 

(b) 

Figure 4.14: (a) A scanning electron microscopy (SME) image of the fabricated silicon nano-beam 

resonator showing the experimental set-up. (b) Frequency responses for different values of the sampled 

signal as indicated in the legend [44].  

Figure 4.14 (a) shows the scanning electron microscopy image of the fabricated device 

with the experimental set-up. The fabrication details can be found in [44]. The beam is 15 

µm long, 750 nm wide, and 1.85 µm thick. The air gap between the beam and the side 

electrodes is approximately 250 nm.  The beam is biased with 48.5V and the input can 

take values between 0 V and 3.5 V. The voltage range was divided into 7 segments, with 
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0.5V steps. The voltage step was determined experimentally as the quality factor 

determines the peak width and the -3 dB intersection point. The results are obtained in 

two steps. First frequency responses are measured for each value of the sampled voltage 

as shown in Figure 4.14 (b) and the frequencies of operations are determined. After that, 

the frequency of the drive signal is fixed at each frequency and time response is measured 

while varying the input signal.  The time response is shown in Figure 4.15.  More results 

and important discussion points can be found in [44]. 

 

 

Figure 4.15: Time response of the resonator obtained by fixing the drive signal frequency to the frequencies 

obtained in the previous figure. The black dashed stair case represents the sampled voltage (right axis), 

while each color represents the output of one resonator (left axis). The first resonator’s output is in blue, 

the 2nd resonator’s output is in red, third in green, fourth in pink and so on (in order from left to right). 

There is a dashed horizontal line that represents the reference line above which the output is considered 

logic ‘1’ as indicated by the arrows. Note that only one of the outputs is high (above the reference line) at 

any given time which is called a ‘one-hot’ code [44].  

  



96 

 

 

 

Challenges in Device and Circuit Design Using Resonators and Future 

Prospects 

In this chapter, some of the challenges faced in designing devices and circuits using 

resonators are discussed and a few potential solutions are proposed. 

 Fabrication Variability 

Most of the time, the fabricated resonators have different resonance frequencies than 

what they were designed for. Even within the same die containing identical resonators, 

the resonance frequencies of the fabricated devices are not usually identical. There are 

different causes for these inevitable variations, such as residual stresses in the fabricated 

devices that were not accounted for in the model, actual variations in the dimensions of 

the resonator and airgaps during fabrication, and the difference of material properties 

with the assumed properties in the model, which can bring about a change in the stiffness 

of the resonator. These variations in resonance frequencies between the different 

resonators make cascading them a challenging task as the output from one resonator 

should drive the next device at the same frequency for some designs [12]. One way to 

solve this issue is by using different bias voltages on the resonators to match their 

resonance frequencies [12]. In addition, for logic applications, a small quality factor is 

required (to obtain higher speeds), and the wider peaks can tolerate slight variations 

between the resonance frequencies of the different devices [45].  
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 Cascading Challenges 

5.2.1 Feedthrough Signal and Low Resonator Output 

 

Figure 5.1: Equivalent circuit model of the micro-resonator device. 

One of the major problems with electrically interfacing micro-resonators is the 

feedthrough signal which is due to the parasitic capacitance between the drive and sense 

electrodes. The feedthrough signal is usually much larger than the resonance signal 

(motional signal), which might totally mask it out. Figure 5.1 shows the equivalent circuit 

model of the micro-resonator which consists of two parallel branches (a motional branch 

and a feedthrough branch). Rm, Lm and Cm are the motional resistance, motional 

inductance and motional capacitance of the micro-resonator which are a function of the 

resonator losses, its mass and its compliance, respectively. Ce is the parasitic capacitor 

between the drive and the sense electrodes. Due to the existence of Ce, two consecutive 

peaks are observed at the output of the resonator. The first peak is due to the cancellation 

of the impedances of Cm and Lm, which is called ‘series resonance ωL’. The other peak 

occurs when the parallel combination of Cm and Lm with Ce cancel each other, which is 

defined as anti-resonance ωP. These frequencies are described using the following 

equations:  
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In most of the resonator-based work, if the parasitic signal is not cancelled physically, post 

processing is done to cancel it. This is done as follows: 

1. Turn off the beam voltage bias. 

2. Apply ac actuation signal on the drive electrode. 

3. Measure the output at the sense electrode and save it. This represents the 

unwanted feedthrough signal.  

4. Turn on the beam voltage bias and measure the output. This output contains two 

components (motional current and feedthrough current). 

5. Subtract the saved signal in step 3 from the signal obtained in step 4 to get the 

pure motional signal.  

However, post-processing is not a practical solution and physical cancellation of the 

feedthrough signal is required. Without removing this signal, the output in the on-

resonance state is too close to the output in the off-resonance state that the two states 

cannot be differentiated. This means logic ‘1’ and logic ‘0’ output states in the logic 

applications are too close and cannot be differentiated.  In addition, cascading devices 

will never be possible without the physical cancellation of this feedthrough signal. 

Different techniques were developed to physically cancel the feedthrough signal either 

by using a variable capacitor [46], or by using an additional dummy resonator with exact 
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dimensions as the main resonator, without DC bias [46, 47].  The input to the variable 

capacitor or the dummy resonator is the same input to the main resonator with 180° 

phase shift as shown in Figure 5.2 [47]. Whether a variable capacitor or a dummy resonator 

is used, a current (Ic) equal to the feedthrough signal in magnitude (If) and opposite in 

phase is obtained at node X in Figure 5.2 [47], which cancel it out, ending up with the 

motional current only (Is’). Figure 5.3 shows the effect of the feedthrough signal on the 

output of the resonator. While adjusting the value of variable capacitor to match the 

parasitic capacitor value, the level of the peak of the output signal decreases and the anti-

resonance peak becomes smaller till the feedthrough signal is fully cancelled when the 

capacitors are matched, which end up with one peak only, representing the motional 

signal. 

                 

Figure 5.2: Parasitic signal cancellation using a variable capacitor (left), and a dummy resonator (right) [47]. 

 

Figure 5.3: The effect of the feedthrough signal on the output of the resonator [47]. 

X 

X 
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In addition, the output of most of the resonators is very low and around 3 orders of 

magnitude lower than the input signal due to the lossy nature of resonators and the huge 

motional resistance value. Therefore, the output signal needs to be amplified in order to 

drive another resonator. One way to reduce amplification requirements can be done by 

reducing the Rm value, which can be done through device optimization or by increasing 

the DC bias on the beam. However, reducing Rm will result in increasing the current and 

the actuation energy, which is against the low power designs that we are trying to make.  

In this section, a signal conditioning circuit is implemented with off-the shelf components 

to cascade two micro-resonator logic gates (cascade an OR with an inverter to make a 

NOR gate). Both the inputs and output are ac signals [12]. The implemented circuit, 

presented in [12], is used to cancel the parasitic signal and amplify the output of the first 

resonator in order to drive a second resonator. The designed circuit, shown in Figure 5.4, 

consists of three stages: a parasitic signal cancellation stage, a current to voltage 

conversion stage and finally an amplification stage. A variable capacitor was used to 

cancel the feedthrough signal. The used variable capacitor (C1) has a range of 0.4 to 10 pF 

which is within the range of the capacitance value between the drive and sense electrode 

which can be roughly estimated from the device dimensions. The cancellation stage 

consists of a splitter that takes an ac signal as an input and produces two outputs 180° 

out of phase. One of the splitter outputs is applied to the variable capacitor, while the 

other output is applied as the logic input of the resonator. The first resonator in Figure 5.4 

is configured to work as a 2-inpur OR logic gate. The inputs A and B are ac signals where 
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the presence of the signal is defined as input logic ‘1’ and the absence of the signal is logic 

‘0’. The resonator output (measured at the blue electrode) and the other terminal of the 

variable capacitor C1 are shorted and full cancellation of the feedthrough signal was 

successfully achieved by the proper tuning of the variable capacitor. This cancellation 

resulted in obtaining the motional signal only at the output of the first resonator which is 

reflected in the logic operation as a larger difference between and high and low output 

states (i.e. larger noise margin). In addition, this step makes sure that the output of the 

resonator is only due to its logic operation, eliminating any unwanted parasitic signals 

coming from previous stages. The extracted motional current is converted into a voltage 

signal through the resistor R1, the value of which is chosen to match the impedance of the 

resonator (10MΩ).  In the third stage, the extracted motional signal is amplified to make 

it large enough to drive another resonator. A single stage amplifier (OPA 657) with 

negative feedback was implemented to obtain the required gain which was found out 

experimentally to be around 60 dB. In addition, it is important to isolate the amplifier 

from the resonators to get the best performance. Therefore, two buffers were used 

before and after the amplifier with decoupling capacitors in-between (C2, C3 10µF) to 

ensure the proper operation of the amplifier and the buffers. The whole interface circuit 

was designed using off the shelf components and placed on a single PCB.  
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Figure 5.4: A signal conditioning circuit for cascading two resonators to build a NOR gate.  

Although the feedthrough signal was successfully canceled, some challenges were faced 

during designing and testing the circuit with the resonators. The first challenge is related 

to the choice of the variable capacitor that can be tuned to the exact value of the 

sense/drive capacitance value to fully cancel the feedthrough signal. In the designed 

circuit, two variable capacitors in series were used: one for fine tuning and one for coarse 

tuning.  The second challenge we faced is that each input state results in a different value 

for the parasitic signal. In stage 1 in Figure 5.4, the OR gate is implemented by using the 

two diagonal electrodes A and B and the output is taken from the blue electrode. For the 

OR gate, three cases result in a high output (AB =01, 10, and 11). The parasitic capacitance 

is defined as the total capacitance between all electrodes with logic ‘1’ input and the 

output electrode. By looking carefully at resonator 1, we found out that the capacitances 

between the following electrodes are different:  between A and Out for the ‘10’ case, 
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between B and Out for the ‘01’ case and the overall capacitance between A, B and Out 

for the ‘11’. Therefore, for each combination, the variable capacitor had to be manually 

tuned to match the new Ce value, which is not practical. One way to tackle this issue is by 

having a separate variable capacitor for each electrode in order to avoid the need for 

manual tuning during runtime. However, this complicates the circuit and a splitter will be 

needed for each input.   Therefore, we looked for an automated way of cancelling this 

parasitic signal for each case as explained in the next section.  

5.2.2 Proposed Scheme for Automatic Feedthrough Signal Cancellation  

In this section, we propose a way to automatically cancel the feedthrough signal 

regardless of the applied input combinations. Instead of using two dummy resonators 

with different inputs and combining the outputs at one node, we decide to have shared 

input electrodes for between the main resonator and the dummy resonator while having 

two outputs that are subtracted using a differential amplifier as shown in Figure 5.5. Output 

1 has two components, the motional signal, and the feedthrough signal while output 2 

has the feedthrough signal only. Using the proposed design, regardless of the applied 

input combination, the feedthrough signal component will be reflected in both and a pure 

motional signal will be obtained at the output of the differential amplifier.  
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Figure 5.5: Micro-resonator device with an automatic cancelation of the feedthrough signal. The top beam 

is biased with a DC voltage while the bottom beam does not have any DC bias. 

 

Figure 5.6 shows the experimental result of feedthrough cancellation using the proposed 

scheme. The left and right figures show the frequency response of the resonator in 

forward and backward sweeps respectively. The blue curve in both blots shows the output 

of the differential amplifier indicating that most of the feedthrough signal was cancelled.  



105 

 

 

90 92 94 96 98 100
-90

-80

-70

-60

-50

-40

-30

-20

-10

S
2

1
 (

d
B

)

Frequency (kHz)

 Output 1

 Output 2

 Output 1 -Output 2

 

(a) 

96.1 96.2 96.3 96.4 96.5
-65

-60

-55

-50

-45

-40

-35

-30

-25

S
2

1
 (

d
B

)

Frequency (kHz)

  Output 1

  Output 2

  Output 1- Output 2
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Figure 5.6: (a) Forward frequency sweep and (b) backward frequency sweep showing the output of the main 

resonator (output1 in black) which contains the parasitic signal and the motional signal, the output of the 

dummy resonator (output 2 in red) which contains the parasitic signal only, and the blue curve which is the 

output of the differential amplifier that contains the motional signal only. 
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5.2.3 Different Input/ Output Waveforms  

For micro-resonator based logic elements, the output digital (1) is defined as the on-

resonance signal while output digital (0) is defined as the off-resonance signal. Although 

multiple micro-resonator devices have been proposed for logic gates, implementing 

circuits based on these devices has been a challenging task for multiple reasons. The main 

challenge is the incompatibility between the input and output signals. In [10],  the first 

micro-resonator XOR gate was implemented using the piezoelectric effect. The inputs 

were electrical signals and the output was a displacement of the tip of the cantilever, 

which was not converted to an electrical signal for proper logic cascading. In [16], a 

reprogrammable logic gate was implemented by modulating the resonance frequency of 

a beam by DC current inputs. However, the output was an AC signal, which requires 

additional signal conditioning circuits, such as rectifiers, for cascading. It also consumed a 

lot of static power because of the constant flow of current in the beam. Using that 

concept, a parity checker was implemented in [18], which also suffered from the same 

problems. A different technique for modulating resonance frequency is proposed in [20, 

23-25], in which input DC voltages are used instead of DC currents. The power 

consumption was significantly reduced by eliminating the static current, but the cascading 

challenges remained unresolved. In [19], a fredkin gate was implemented in which one 

input was a DC signal while the other two inputs were AC signals, resulting in limited 

cascadability. In [15], a  multi-functional logic gate was implemented using mixed 

frequency excitation. Although both inputs and the output were AC signals, they had 
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different frequencies, which again require extra circuits to unify the frequencies of the 

input/output signals. A similar problem can be found in [11], where  a membrane-based 

mechanical resonator (MMR) was used to implement XOR and OR gates using two 

different vibration modes (different frequencies) of the membrane. In [12, 13], Ilyas et al. 

demonstrated a cascadable MEM resonator-based logic gate, where both the input and 

the output signals are ac signals with the same frequency. The operation of that gate 

depends on the activation or deactivation of the second mode of vibration or a MEM 

resonator. In the next section, we propose a logic gate using the same concept in [12, 13] 

with a different device design that allows us to implement more logic functions and allows 

also run-time reprogrammability as well. 

5.2.4 Proposed Design with Unified Input/output Waveforms: 

In this section, a micro-beam resonator-based reprogrammable logic gate is presented 

that can perform the fundamental logic operations, including OR, NAND, XOR, NOT and 

Buffer, using some control signals. The operation of the device is based on the selective 

activation/deactivation of the second vibration mode of a laterally actuated fixed-fixed 

micro-beam resonator. A major advantage of the proposed device is that it is cascadable, 

as the input and output signals are compatible (both are AC signals). This eliminates the 

need for signal conditioning circuits that are required for previously proposed micro-

resonator-based logic gates that have DC inputs and AC output [16-18, 20, 23-25]. The 

proposed gates are run-time reconfigurable and the overall complexity of digital circuits 
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is significantly reduced compared to standard CMOS designs, which results in a smaller 

chip area.  

This section contains excerpts from [48].5 

MEMS structures can be excited at different modes of vibration depending on the 

frequency of excitation of the electrostatic loading force and the configuration of the 

electrodes used to drive the structure [49]. Typically, symmetric modes, which are defined 

as the modes that have modeshapes symmetric around the resonator midpoint, are 

easier to excite and can be excited by any electrode configuration. The first mode of 

vibration of a clamped-clamped resonator is a symmetric mode with a modeshape given 

by Figure 5.7 (a). Anti-symmetric modes, defined as the modes which have antisymmetric 

modeshapes around the midpoint, such as the second mode of vibration of a clamped-

clamped micro-beam, shown in Figure 5.7 (b), are more difficult to excite. These anti-

symmetric modes require special electrode configurations that can be used to apply an 

anti-symmetric electrostatic forces to the micro-beam [50]. This electrode configuration 

is chosen such that it favors exciting the particular modeshape of the mode desired to be 

excited. In this work, we utilize the activation and deactivation of the second mode of 

vibration of a clamped-clamped micro-beam. We notice from the modeshape of the 

second mode of vibration, Figure 5.7 (b), that an anti-symmetric force around the 

midpoint of the micro-beam is required to excite this mode effectively.  The stronger this 

                                                 
5 © 2020 IEEE. Reprinted in part with permission, from S. Ahmed, X. Zou and H. Fariborzi, "A Cascadable 

Reconfigurable Micro-electromechanical Resonator Logic Gate," 2020 Joint Conference of the IEEE 

International Frequency Control Symposium and International Symposium on Applications of Ferroelectrics 

(IFCS-ISAF), Keystone, CO, USA, 2020, pp. 1-3. 
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anti-symmetric force is, the stronger will be the excitation of the second mode of 

vibration.    

 

                

                                         (a)                                                  (b)  

 

 

(c) 

Figure 5.7: Modeshapes of the (a) first and (b) second mode of vibration of a clamped-clamped beam 

resonator, the dark red and the dark blue parts of the beam represent the maximum and the minimum 

beam displacement points respectively; (c) our proposed device which has four AC inputs A,B,C, and D and 

an AC output. 

In [12, 13], Ilyas et al. presented a cascadable micro-resonator based logic based on the 

activation or deactivation of the second mode of vibration of a micro-beam resonator.  

The device in [12] could be configured as a 2-input OR gates, a 2-input XOR gate, or an 

inverter based on the of the input and output electrodes configuration.  However, the 
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device is not reprogrammable since the input and output electrodes are not the same for 

the different gates. Therefore, the proposed design overcomes this issue by fixing the 

location of the output electrode and applying 4 ac inputs at 4 different partial electrodes 

as shown in Figure 5.7 (c), where two signals will be used as control signals and the other 

two will be used as the inputs for the logic gate. 

 Device Structure and Operation 

The proposed device, shown in Figure 5.7 (c), consists of a clamped-clamped micro-beam 

resonator, four partial electrodes separated from the beam by equal air gaps, and one full 

electrode on the other side of the beam for the output signal. All the inputs (A, B, C, D) 

are ac signals applied on the partial electrodes. They control the symmetry of the applied 

forces onto the resonator. Therefore, the input combinations will effectively determine if 

the second mode is activated or not. By examining the sixteen input combinations, it is 

observed that all the inputs will exert asymmetric forces on the beam except for the 

following combinations: ABCD= 0000, 0110, 1001 or 1111. Therefore, these four 

combinations will result in a low output (the second vibration mode will not be excited) 

while the rest of the combinations will result in a high output (second vibration mode will 

be excited). In order to implement different logic gates, some inputs are used as control 

signals while the rest of the inputs are used as the inputs to the logic gate.  

 Simulation Results 

Simulations were performed using COMSOL to verify the concept. Frequency sweeps 

were performed around the second mode of vibration of the simulated resonator (around 
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104 kHz) for all sixteen input combinations. Input logic (0) is defined as 0V while input 

logic (1) is defined as an AC signal with 100mV amplitude. Figure 5.8 shows the frequency 

response of the beam under different input combinations. The displacement is measured 

at one of the expected peak locations shown in dark red in Figure 5.7 (b). Note that for 

the planned experimental setup, the resonator will be driven electrostatically and the 

output motional current will be capacitively detected from the output electrode.  

 

 

Figure 5.8: Frequency response of the resonator under the sixteen input combinations of the inputs A, B, C, 

and D. The simulated beam is 850µm long, 3µm wide, and 30µm thick. The air gap between the beam and 

each electrode is 4µm and the beam is biased with 15V. 

 

Simulation results show that the input combinations can be divided into five categories, 

based on the amplitude of the output signal. The first category includes the input 

combinations that do not activate the second vibration mode of the resonator and result 

in a low output (0000, 0110, 1001, and 1111) due to the symmetric forces exerted on the 

beam. The second category, which includes 0101 and 1010 input combinations, results in 
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the lowest amplitude of the second resonance mode due to the fact that these 

combinations exert the weakest antisymmetric forces on the beam. The third category is 

formed by (0001-1000-1110-0111), where the effective bits that result in the force 

asymmetry are the first (A) and last (D) bits while the middle bits (C, D) are always the 

same. In the fourth category that contains the following combinations (0010-0100-1011-

0110), the middle bits (B, C) are responsible for the asymmetric forces while the first and 

last bits (A, D) are always the same. In general, the electrodes that are away from the 

beam anchors have stronger effects on the beam. This explains the reason for the larger 

amplitude of the fourth category compared to the third category. Finally, the highest 

outputs are obtained by applying (1100-0011) as they exert the maximum asymmetric 

forces on the beam. Next, we will show how to implement the following gates (OR-NAND-

XOR-NOT-Buffer) using the obtained results. 

 OR Gate: 

As shown in Figure 5.9 (a), a 2-input OR gate can be implemented by fixing the inputs D 

and C to 0V. By doing that, the only possible combination that results in symmetric forces 

and does not activate the second mode is AB= 00. The rest of the combinations result in 

high outputs, confirming the operation as an OR gate. Note that the amplitude of the 

output logic (1) is different for the three cases 01, 10, and 11. However, by appropriate 

selection of the threshold value, the gate will function correctly. 
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(a) 

 

(b) 

Figure 5.9: (a) OR gate configuration, where A and B are the inputs of the gate and the inputs C and D are 

fixed to 0V, (b) the output of the OR gate for different input combinations. 

 

 NAND Gate: 

Similarly, a 2-input NAND gate can be implemented by fixing the inputs C and D to input 

state (1) as shown in Figure 5.10 (a). In this case, only when AB=11, the forces exerted on 

the beam are symmetric and the second mode will not be activated, thereby resulting in 

a low output. The rest of the input combinations will result in a high output, which 

validates the NAND gate truth table as shown in Figure 5.10 (b). 
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(a) 

 

(b) 

Figure 5.10: (a) NAND gate configuration, where A and B are the inputs of the gate and the inputs C and D 

are fixed to input logic ‘1’ state, (b) the output of the NAND gate for different input combinations.  

 

 XOR Gate: 

In order to implement a 2-input XOR, the two middle electrodes are used for applying the 

inputs of the gate, while the other electrodes near the beam anchors are fixed at same 

input state (either both are fixed to digital (1) or to digital (0)) (Figure 5.11 (a)).  Therefore, 

only 10 or 01 combinations will result in asymmetric forces on the beam and activate the 

second mode (high output), while 11 or 00 will result in a low output as shown in 

Figure 5.11 (b), and Figure 5.11 (c).    
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 Inverter: 

The inverter function can be achieved in many ways. By looking into all symmetric inputs, 

the inverter input can be at the place of any logic ‘1’. For example, the following 

combinations 0110, 1001, and 1111 will result in a low output. Therefore, any of the 

following configurations can be used to implement the inverter gate: 0X10, 01X0, X001, 

100X, X111, 1X11, 11X1, and 111X where X in the inverter input and the rest of the bits 

are fixed. Figure 5.12 (a) and (b) show the inverter output using X111 and 01X0 

configurations respectively where the input 0 results in a high output (blue and black 

curves), while the output is low (red) when the input is high. 

 

(a) 

 

(b)                                                                      (c) 

Figure 5.11: (a) XOR gate configuration where the middle electrodes are used as the gate inputs while the 

corner electrodes are fixed to the same value; (b) Output of XOR gate when the corner electrodes are 

fixed to logic (0); (c) Output of the XOR gate when the corner electrodes are fixed to (1). 
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 Buffer: 

Similarly, a buffer can be implemented using one of the following configurations (0000, 

0110, and 1001) and replacing any one of the ‘0’s with the buffer input. For example, the 

following configurations can be used to implement the buffer X000, 0X00, 00X0, 000X, 

X110, 011X, 10X1, and 1X01. These configurations will result in activation of the second 

mode when the buffer input is (1) (X=1), and its deactivation when the input is (0) (X=0).  

 

(a) 

 

(b) 

Figure 5.12: Inverter Output (a) when A is used as its input while fixing the rest of the electrodes to digital 

1; (b) when C is used as the input in 01X1. 
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It is also important to note that one micro-resonator device is used to implement the 

function of OR, NAND, XOR, NOT and buffer, which require 6, 4, 8, 2, and 4 transistors, 

respectively, using CMOS transistors. Thereby, micro-resonator based logic devices 

reduce the system complexity significantly. By down-scaling the device dimensions, the 

area consumption can further decrease.  

 Conclusion 

In this chapter, different challenges in implementing MEM resonators–based logic devices 

and circuits were discussed. These challenges include fabrication variability, unwanted 

feedthrough signal, low resonator output and incompatible input and output waveforms. 

Some designs were also proposed to overcome some of these challenges and implement 

systems based on micro and nano resonators.  
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SUMMARY 

In this thesis, different techniques for designing MEM resonator-based circuits were 

introduced. The demonstrated circuits constitute major building blocks of a VLSI system, 

including 2-input and multi-input reprogrammable logic gates, a compact full adder, a 

digital to analog converter and analog to digital converter designs. We showed that 

considerable energy efficiency benefits compared to CMOS technology can be achieved 

by scaling and optimizing the device dimensions to minimize the required resonator 

voltage bias and the required ac actuation energy. In addition, we showed that moderate 

to high operation speeds are attainable by designing resonators with high resonance 

frequency (GHz or even higher) and operating the resonators at low or moderate quality 

factors. The material used for the resonators in this thesis is highly doped single crystal 

silicon from silicon on insulator (SOI) wafers. However, other materials can be explored 

such as graphene and piezoelectric materials. We shed light on some of the existing 

challenges of building circuits using resonators at the device level and circuit level. Some 

designs were also proposed to tackle some of these challenges.  

I hope that this thesis will pave the way and inspire others to build more circuits and 

eventually a whole system using resonators. 
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