
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau (10) International Publication Number

(43) International Publication Date WO 2018/055554 Al
29 March 2018 (29.03.2018) W !P O PCT

(51) International Patent Classification: HAFIZ, Md Abdullah Al; 4700 King Abdullah Uni
H03H 9/02 (2006.01) H03H 9/24 (2006.01) versity of Science and Technology, Thuwal, 23955-6900

(SA). FARIBORZI, Hossein; 4700 King Abdullah Uni
(21) International Application Number:

versity of Science and Technology, Thuwal, 23955-6900
PCT/IB2017/055741

(SA). YOUNIS, Mohammad Ibrahim; 4700 King Ab

(22) International Filing Date: dullah University of Science and Technology, Thuwal,
2 1 September 2017 (21 .09.2017) 23955-6900 (SA).

(25) Filing Language: English (81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

(26) Publication Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
(30) Priority Data: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,

62/397,406 2 1 September 2016 (21 .09.2016) US DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,

(71) Applicant: KING ABDULLAH UNIVERSITY OF KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME,
SCIENCE AND TECHNOLOGY [SA/SA]; 4700 King MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
Abdullah University of Science and Technology, Thuwal, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
23955-6900 (SA). SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,TH, TJ, TM, TN,

(72) Inventors: IIYAS, Saad; 4700 King Abdullah Universi TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

ty of Science and Technology, Thuwal, 23955-6900 (SA).

(54) Title: MECHANICAL RESONATOR-BASED CASCADABLE LOGIC DEVICE

(57) Abstract: A mechanical resonator-based cascadable logic device includes which includes a resonator having a beam with a first
fixed end, a second fixed end, and a length between the first and second fixed ends. A first electrode and a second electrode are aligned

© along a first side of the beam. A third electrode and a fourth electrode are aligned along a second side of the beam and opposite the
first and second electrodes. A DC voltage source is coupled to one of the first and second fixed ends of the beam. At least one of the

00 first, second, third, and fourth electrodes is coupled to a first AC voltage source so that a logic operation is performed by activating
o a second resonant mode of the resonator.

o

[Continued on nextpage]



WO 2018/055554 Al llll I I I I 11III II I llll I I I I I I Hill II I II

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,

UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

KM, ML, MR, NE, SN, TD, TG).

Published:



MECHANICAL RESONATOR-BASED CASCADABLE LOGIC
DEVICE

BACKGROUND

TECHNICAL FIELD

[0001] Embodiments of the subject matter disclosed herein generally relate to

mechanical resonators configured to operate as logic devices.

DISCUSSION OF THE BACKGROUND

[0002] Computation using mechanical elements, at least a century old

concept, was rendered obsolete by CMOS transistor's size and computing

capabilities. However, with the advancements in the areas of micro/nano

fabrication and with CMOS transistors reaching their physical limits the concept of

mechanical computing has been revitalized. Microelectromechanical systems

(MEMS) based technology being immune to ionizing radiations and ability to work

in harsh environment conditions offers several advantages over its CMOS based

counterpart. This is why the development of MEMS/NEMS computing units, i.e.,

logic and memory devices, have been an active front of research for the past decade.

These devices are believed to be a fundamental part of future computing units

where MEMS based technology overcomes CMOS-based technology in process

capabilities.



SUMMARY

[0003] According to an embodiment there is anapparatus, which includes a

resonator, including a beam having a first fixed end, a second fixed end, and a

length between the first and second fixed ends. A first electrode and a second

electrode are aligned along a first side of the beam. A third electrode and a fourth

electrode are aligned along a second side of the beam and opposite the first and

second electrodes. A DC voltage source is coupled to one of the first and second

fixed ends of the beam. At least one of the first, second, third, and fourth electrodes

is coupled to a first AC voltage source so that a logic operation is performed by

activating a second resonant mode of the resonator.

[0004] According to another embodiment there is a method, which involves

supplying a DC voltage to one of a first and second fixed end of a beam of a

resonator. The beam has a length between the first and second fixed ends. A first

AC voltage is supplied to one of the first, second, third, and fourth electrodes. The

first and second electrodes are aligned along a first side of the beam, and the third

and fourth electrodes are aligned along a second side of the beam and opposite the

first and second electrodes. An output is generated from another one of the first,

second, third, and fourth electrodes. The output is a result of a logic operation of at

least the first AC voltage.

[0005] According to yet another embodiment there is an apparatus, which

includes a first and second logic device. The first logic device includes a first

resonator, including a first beam having a first fixed end, a second fixed end, and a

length between the first and second fixed ends, a first electrode and a second



electrode aligned along a first side of the beam, and a third electrode and a fourth

electrode aligned along a second side of the beam and opposite the first and second

electrodes. The second logic device includes a second resonator, including a

second beam having a first fixed end, a second fixed end, and a second length

between the first and second fixed ends, a fifth electrode and a sixth electrode

aligned along a first side of the second beam, and a seventh electrode and an

eighth electrode aligned along a second side of the second beam and opposite the

fifth and sixth electrodes. A first AC voltage source is coupled to one of the first,

second, third, and fourth electrodes, and another one of the first, second, third, and

fourth electrodes is coupled to one of the fifth, sixth, seventh, and eighth electrodes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The accompanying drawings, which are incorporated in and constitute a

part of the specification, illustrate one or more embodiments and, together with the

description, explain these embodiments. In the drawings:

[0007] FIG. 1A is an illustration of a mechanical resonator-based cascadable

logic device according to an embodiment;

[0008] FIG. 1B is a graph illustrating an example response of the mechanical

resonator-based cascadable logic device of FIG. 1A according to an embodiment;

[0009] FIGs. 1C and 1D respectively illustrate mode shapes of symmetrically and

asymmetrically driven beams according to embodiments;

[0010] FIG. 2A is an illustration of another mechanical resonator-based

cascadable logic device according to an embodiment;



[001 1] FIG. 2B is another illustration of the mechanical resonator-based

cascadable logic device of FIG. 2A according to an embodiment;

[0012] FIG. 2C is a graph illustrating an example response of the mechanical

resonator-based cascadable logic device of FIG. 2A according to an embodiment

[0013] FIG. 2D is an illustration of a further mechanical resonator-based

cascadable logic device according to an embodiment;

[0014] FIG. 3A is an illustration of yet another mechanical resonator-based

cascadable logic device according to an embodiment;

[0015] FIG. 3B is a graph illustrating an example response of the mechanical

resonator-based cascadable logic device of FIG. 3A according to an embodiment;

[0016] FIG. 4A is an illustration of a logic gate using two mechanical

resonator-based cascadable logic devices according to an embodiment;

[0017] FIG. 4B is a block diagram of the logic gate of FIG. 4A according to an

embodiment;

[0018] FIG. 5A is a schematic diagram of two cascaded mechanical resonator

logic devices according to an embodiment;

[0019] FIGs. 5B-5D are graphs illustrating an example response at various

points in the arrangement of FIG. 5A according to an embodiment; and

[0020] FIG. 6 is a flowchart illustrating an exemplary method for operating a

mechanical resonator-based cascadable logic device according to an embodiment.



DETAILED DESCRIPTION

[0021] The following description of the exemplary embodiments refers to the

accompanying drawings. The same reference numbers in different drawings identify

the same or similar elements. The following detailed description does not limit the

invention. Instead, the scope of the invention is defined by the appended claims. The

following embodiments are discussed, for simplicity, with regard to the terminology and

structure of cascadable mechanical resonator-based logic devices. However, the

embodiments to be discussed next are not limited to cascadable mechanical resonator-

based logic devices.

[0022] Reference throughout the specification to "one embodiment" or "an

embodiment" means that a particular feature, structure or characteristic described in

connection with an embodiment is included in at least one embodiment of the subject

matter disclosed. Thus, the appearance of the phrases "in one embodiment" or "in an

embodiment" in various places throughout the specification is not necessarily referring

to the same embodiment. Further, the particular features, structures or characteristics

may be combined in any suitable manner in one or more embodiments.

[0023] Referring now to FIG. 1A , anapparatus 100 includes a resonator,

including a beam 103 having a first fixed end 104A, a second fixed end 104C, and a

length 104B between the first fixed end 104A and second fixed end 104C. A first

electrode 106 and a second electrode 109 are aligned along a first side of the beam

103. A third electrode 112 and a fourth electrode 115 are aligned along a second

side of the beam 103 and opposite the first 106 and second 109 electrodes. A DC



voltage source 117 is coupled to one of the first and second fixed ends of the beam

103, which in the illustrated embodiment is the first fixed end 104A. At least one of

the first 106, second 109, third 112, and fourth 115 electrodes is coupled to a first

AC voltage source (not illustrated) so that a logic operation is performed by

activating a second resonant mode of the resonator. The manner of coupling one

or more of the first 106, second 109, third 112, and fourth 115 electrodes to the first

AC voltage source affects the logic device formed by the apparatus 100, which will

be described in more detail below.

[0024] The beam 103 is a clamped-clamped beam (or microbeam) in which ends

104A and 104C are clamped, fixed, or held in place, while the length 104B is allowed to

vibrate. The particular clamped-clamped beams illustrated and discussed herein are

examples of one type of beam geometry, and the present invention can be employed

with any type of clamped-clamped arrangement, including circular membranes, square

plates, and other structures.

[0025] The electrodes 106 and 109 can be considered one split electrode,

and the electrodes 112 and 115 can be considered another split electrode. Each

of the electrodes 106 and 109 are aligned along substantially half of the length 104B

of the beam 103, each electrode starts substantially at each end of the length 104B

of the beam 103. Each of the electrodes 106, 109, 112, and 115 are aligned along

substantially half of the length 104B of the beam 103. It should be recognized that

"substantially half of the length 104B" will in practice be slightly less than the length

104B due to the requirement for lateral spaces between the electrodes 106, 109,

112, and 115 and the ends of the beams 104A and 104C, as well as required



spacing between electrodes adjacent to each other on one of the sides of the beam

(i.e., spacing between electrodes 106 and 109, and spacing between electrodes

112 and 115). In other embodiments, the electrodes can be above and below the

beam, and more or fewer electrodes can be utilized using the principles of the

present disclosure.

[0026] In an embodiment, each electrode 106, 109, 112 , and 115 is in the form of

a square having sides of, for example, 288 µι , and there can be an 8 µι space

between adjacent electrodes on one side. Further, in an embodiment, the beam 103

can have a length 104B of 600 µι , width of 3 µι , height of 30 µι , and there can be an

8 µι space between the beam 103 and the electrodes 106, 109, 112 , and 115 . These

dimensions are non-limiting examples and other dimensions can be employed.

[0027] Depending on the choice of electrodes for driving and sensing, the

electrodes 106, 109, 112, and 115 can facilitate the excitation of a first mode or a

second mode of vibration to achieve different logic operations. Other modes may

be used in one application. For example, applying or driving an AC signal to any

one of the electrodes 106, 109, 112, or 115, individually can activate the second

mode of vibration of the resonator, because each electrode is substantially half of

the length 104B of the beam 103 of the resonator. However, when an AC signal is

applied to both electrodes on one side of the beam concurrently, for example, the

electrodes 106 and 109 concurrently, then the second mode of vibration is not

activated and cannot be sensed, for example, at the other electrodes 112 and 115.

Further configurations of driving and sensing are described herein, and various



logic operations can be achieved. While the resonator is shown having a particular

shape and configuration, this configuration is illustrative of many possible shapes and

configurations that can be designed using the principles described herein. For

example, the particular shape of the beam, the clamped ends of the beams, and the

electrodes can include a variety of shapes and configurations.

[0028] FIG. 1B is a graph that illustrates a response of the mechanical

resonator-based cascadable logic device 100. The response shown in FIG. 1B

corresponds to a half electrode excitation, for example, when a signal is applied to

only one of the electrodes 112 or 115 of FIG. 1A. The response shown in FIG. 1B

can also be achieved, for example, when a signal is applied to only one of the

electrodes 106 or 109 of FIG. 1A. In FIG. 1B, the frequency of the signal applied to

one of the electrodes is swept across a range of frequencies. When the frequency

starts nearing the resonance frequency for given AC and DC voltage, the amplitude

starts to peak. For FIG. 1B, this maximum value occurs around 203 kHz. This is

the frequency value for the second resonant mode of the beam under test, and can

vary depending on the dimensions of the beam under consideration and other

factors. When the resonator will work as a logic device it can receive inputs around

this frequency and provide outputs around this frequency. The frequency (e.g. 203

kHz) can be referred to as the operating frequency of this specific resonator under

test in FIG. 1B.

[0029] Embodiments of the present disclosure include mechanical resonator-

based cascadable logic devices. These devices can perform fundamental logic

gate operations, e.g., OR, XOR, and NOT, for example, using silicon based MEMS



resonators operating in the linear regime. The OR and NOT gate using MEMS

resonators can be cascaded to realize the NOR gate, which is a universal logic gate

that can perform all the logic operations by further cascading. These logic devices

can operate at room temperature under modest vacuum conditions, and can

employ a CMOS-compatible mass fabrication process, and can be formed, for

example, on a substrate. For example, the logic devices can operate around 10-45

degrees Celsius, and around 1 torr. They can also operate at pressures less than 1

torr, requiring less voltage at lower pressures, or at pressures higher than 1 torr,

requiring more voltage. They can also operate at other temperatures. The

cascadability of the logic devices allows the NOR gate to act as a basic building

block to perform complex computing operations.

[0030] MEMS resonators, whenever excited by electrostatic loading, vibrate

at different fundamental modes of vibration depending on the frequency values

chosen. Different modes of vibration can be excited by using suitable electrode

configurations that stimulate the desired mode shapes. For example, FIG. 1C

illustrates a mode shape (the first mode) for a symmetrically-driven resonator (i.e.,

both electrodes on one side of the beam are driven) and FIG. 1D illustrates the

mode shape (second mode) for an asymmetrically-driven resonator (i.e., only one of

the two electrodes on each side of the beam is driven). The underlying principal of

operation for the proposed logic device depends on the activation ( 1 ) and

deactivation (0) of a second resonant mode of a resonator, which is illustrated by

the mode shape in FIG. 1D. Such a resonator can be excited to resonate at a set of

frequencies. The frequencies at which a resonator resonates can be referred to as



resonant modes. In one example, a resonator can have a vibrating or oscillating

beam with both ends fixed, or clamped. If, as illustrated in FIG. 1C, the beam has

one peak on the beam, it can be said to have a mode shape of half of a sine

waveform, and it is oscillating at a first resonant mode. If, as illustrated in FIG. 1D,

the shape of the beam is a full sine wave having one peak and one trough, then it is

oscillating in a second resonant mode.

[0031] When voltage is applied across parallel plates, an electrostatic force

can cause a pulling effect between the plates. This attraction or pulling force can be

used to cause an attraction between a beam of a resonator (especially if a DC

voltage is applied to the beam to create a constant electric current) and an

electrode (or electrodes) aligned along the beam. A voltage or a signal applied to

an electrode (the voltage or signal is applied to two electrodes, one on each side of

the beam) can cause vibration or oscillation of the beam. For example, if an AC

signal is applied to opposite electrodes, the fluctuating voltage between the

electrodes can result in a fluctuating force between the electrodes and the beam,

and the beam can be made to vibrate or oscillate. If the electrode is aligned along

the entire length of the beam, a first mode of vibration can be activated.

Electrodes aligned along the beam can be substantially adjacent to the beam.

[0032] A second mode of vibration can be activated when a half of the

electrode on one side of the beam is used to excite the resonator, for example, by

applying a voltage or a signal to the half electrode. In other words, the second

resonant mode can be activated by exciting the resonator using an electrode (or a

plurality of electrodes) aligned along the beam that is substantially half of the length



of the beam, or extends adjacent to substantially half the length of the beam.

Similar principles can be used to cause further modes of vibration.

[0033] Multiple electrodes can be aligned opposite each other on opposite

sides of a beam, and each electrode can be used to cause a vibration of the beam

when an AC signal or other periodic signal is applied. In some embodiments, the

electrodes can be on lateral sides of the beam, causing a horizontal vibration or

oscillation. In other embodiments, the electrodes can instead be above and below

the beam, and can be used to cause a vertical vibration of the beam. Vibration and

resonance using multiple electrodes on substantially opposite sides of a beam of a

resonator are further discussed below with reference to the figures.

[0034] FIG. 2A illustrates a mechanical resonator-based cascadable logic

device 200A, which is configured to operate as an XOR gate. The structure of the

mechanical resonator-based cascadable logic device 200A is similar to the

mechanical resonator-based cascadable logic device 100 of FIG. 1A. The

mechanical resonator-based cascadable logic device 200A has a clamped-clamped

beam 203, and electrodes 206A, 209, 2 12, and 2 15. The electrodes 206A and 209

can be considered one split electrode, and the electrodes 2 12 and 2 15 can be

considered another split electrode. An input DC signal or DC voltage 2 17 can be

applied to the end 204C the clamped-clamped beam 203. While the input DC

signal is illustrated as being applied on end 204C, the input DC signal can be

applied on end 204A or any part of the beam 203 so long as it does not affect the

resonance of the beam 203. The input DC signal and the input AC signals

discussed below can be used to cause the clamped-clamped beam 203 to resonate



in one of the first and second modes depending upon the logic input AC signals

supplied to the electrodes.

[0035] In the configuration shown, the electrode 206A can be a logic input A,

and the electrode 209 can be a logic input B. The electrodes 2 12 and 2 15 can be

coupled together and used as a logic output. In some embodiments, a single one of

the electrodes 2 12 or 2 15 can be used as the logic output. An AC signal can be

applied for each of the logic inputs A and B. The frequency of the AC signal applied

to each of the logic inputs A and B can be the operating frequency of the resonator.

The (0,0) case can be described as when the AC signal is applied to neither logic

input A, nor the logic input B. The (0,1 ) case can be described when the AC signal

is not applied to the logic input A, but the AC signal is applied to thelogic input B.

[0036] For the (0, 0) case there is no signal applied to either input, and there

is no output, so the response of the resonator is negligible (0). For the ( 1 ,0) case,

the AC signal is applied to the logic input A, but not the logic input B. A half

electrode 206A (an electrode that is substantially half of the length of the beam 203)

is active, which activates the second resonance mode of the beam 203 and the

resonator vibrates with a high amplitude ( 1) . For the (0,1 ) case, the AC signal is

applied to the logic input B, but not the logic input A. Again, a half electrode 209 is

active, which activates the second resonance mode of the beam 203 and the

resonator vibrates with a high amplitude ( 1) . Finally, for the ( 1 , 1) case the full

electrode (both of the electrodes 206A and 209) is activated and since a half

electrode is required to excite the second mode, the response of the resonator is

again negligible (0). Thus, the resonator performs the desired XOR gate.



[0037] FIG. 2B is another illustration of the mechanical resonator-based

cascadable logic device of FIG. 2A. As illustrated, a first circuit or device 250

provides a first AC signal as the logic input A to electrode 206A and a second circuit

or device 252 provides a second AC signal as the logic input B to electrode 209. If

circuits or devices 250 and 252 output DC signals, a DC-to-AC converter can be

coupled between the circuits or devices 250 and 252 and the corresponding

electrodes 206A and 209. Alternatively, circuits or devices 250 and/or 252 can

have a DC-to-AC converter integrated within the respective circuit or device.

[0038] Depending upon the particular AC signals provided by circuits or

devices 250 and 252, the beam 203 will resonate and the electrodes 2 12 and 2 15

will generate a corresponding AC signal that is provided to output circuit or device

254, which can be another mechanical resonator-based cascadable logic device (as

discussed below in connection with FIGs. 4A, 4B, and 5A-5D) or another device

that operates based on the results of the logic operation performed by the device

200A. Depending upon implementation, a signal conditioning circuit, including an

amplifier, can be arranged between electrodes 2 12 and 2 15 and the output circuit or

device 254.

[0039] FIG. 2C is a graph illustrating a response of the mechanical resonator-

based cascadable logic device 200A being configured as an XOR gate. The

resonator can be configured as other types of logic gates when the electrodes are

otherwise configured, examples of which are discussed below. The operating

frequency is shown to be around 203 kHz.



[0040] A similar configuration to that of FIG. 2A can be used to realize NOT

gate operation (i.e., an inverter operation), an example of which is illustrated in FIG.

2D, which is designated by reference number 200B. In contrast to the XOR gate

arrangement of FIG 2A, in which the electrode 206A is coupled to a logic input A,

the electrode 206B in FIG. 2D is connected to a constant AC signal 220. The

constant AC signal 220 can be utilized as a reference signal, fixed at a high ( 1 )

state using a constant activation signal throughout the logic computation. In other

words, an AC signal is constantly applied to the electrode 206B. Now, whenever

the input A is high ( 1 ) the full electrode is active and the resonator shows negligible

response (0) similar to ( 1 , 1) case described above for FIG. 2A. When the input A is

at low (0) state, the half electrode is activated and hence, the second resonant

mode is excited giving a high ( 1 ) response. Because the resonator complements

the input provided, it performs the NOT gate operation. Alternatively, the electrode

209 can be fixed at the high state, while the electrode 206B is used as the input.

[0041] FIG. 3A illustrates a mechanical resonator-based cascadable logic

device 300 configured to operate as an OR gate. The structure of the mechanical

resonator-based cascadable logic device 300 is similar to the mechanical

resonator-based cascadable logic device 100 of FIG. 1A. The mechanical

resonator-based cascadable logic device 300 has a clamped-clamped beam 303,

and electrodes 306, 309, 3 12, and 3 15. The electrodes 306 and 309 can be

considered one split electrode, and the electrodes 3 12 and 3 15 can be considered

another split electrode. Consistent with the discussion above, input DC signal 3 17

can be applied to end 304C (as illustrated), end 304A, or any other part of the beam



so long as it does not affect the resonance of the beam. Similar to the previous

devices, a length 304B of beam 303 is arranged between clamped ends 304A and

304C.

[0042] A diagonal driving configuration with sensing from one electrode can

be used to realize the OR gate. For example, as shown, the electrodes 3 12 and

309 can be used as a logic input A and a logic input B, respectively. The electrode

3 15 can be used as a logic output. Electrode 306 can be left floating and not

connected to an AC input. For (0, 0) case the beam shows no response and a low

(0) output state is recorded. For both the (0, 1) case and the ( 1 , 0) case, a half

electrode is active on either side and the second mode is activated. Thus, a high

( 1 ) state can be observed at the output. For the ( 1 , 1) case a half electrode is

active on each side at the same time, which still fulfills the condition for activation of

the second resonant mode and again a high ( 1 ) output state can be observed.

[0043] FIG. 3B is a graph that illustrates a response of the mechanical

resonator-based cascadable logic device 300 as an OR gate. As illustrated in FIG.

3B, the output signal for the ( 1 , 1 ) logic input case for the OR operation is slightly

larger than the output signal for the ( 1 ,0) and (0,1 ) cases. The difference is due to

the fact that the drive and sense electrode configuration for the ( 1 , 1 ) case excites

the second resonance mode most strongly. If this difference results in issues when

cascading the mechanical resonator-based logic devices, the operation frequency

of the device can be selected such that the difference between the high output

signal amplitudes for all the logic input conditions are within an acceptable margin

so that the subsequent circuits can treat them as a single state (High).



[0044] Comparing the graph of FIG. 2C with that of FIG. 3B, it will be noticed

that the response amplitude of the OR logic gate of FIG. 3A is larger compared to

that of the XOR logic gate of FIG. 2A. This is due to the drive and sense electrode

configuration for the OR logic gate of FIG. 3A exciting the second resonance mode

better compared to the XOR logic gate of FIG. 2A. This can be addressed, if

desired, by optimizing the device used for the XOR logic gate, such as reducing the

gap between the beam and the drive/sense electrodes. A similar difference should

be noticed between the NOT logic gate of FIG. 2D and the OR logic gate of FIG.

3A.

[0045] An example of cascaded mechanical resonator-based logic devices is

illustrated in FIG. 4A. The cascaded arrangement forms a NOR gate 400 and has a

first mechanical resonator-based cascadable logic device 401 and a second

mechanical resonator-based cascadable logic device 402. The first mechanical

resonator-based cascadable logic device 401 includes a first resonator, which

includes a first beam 403A with first and second fixed ends (not labeled in the

figure). A first electrode 406A and second electrode 409A are arranged along a

first side of the first beam 403A, and a third electrode 4 12A and fourth electrode

4 15A are arranged on a second side of the first beam 403A.

[0046] The mechanical resonator-based cascadable logic device 401 is

configured to have OR gate operation. The electrodes 409A and 4 12A being used

for the logic input A and the logic input B are diagonal from each other. In other

words, the logic device 401 has a diagonal driving configuration, and operates

much like the logic device 300 of FIG. 3A. The output of the logic device 401 can



be considered an OR output. The OR output of the logic device 401 can be

connected to an input of the logic device 402.

[0047] The second mechanical resonator-based cascadable logic device 402

includes a second resonator, which includes a second beam 403B with first and

second fixed ends (not labeled in the figure). A fifth electrode 406B and sixth

electrode 409B are arranged along a first side of the second beam 403B, and a

seventh electrode 4 12B and eighth electrode 4 15B are arranged on a second side

of the second beam 403B.

[0048] The logic device 402 is configured to have a NOT gate operation as

described above in the discussion of FIG. 2. Two electrodes on the same side of the

resonator 406B and 409B of the logic device 402 are utilized for the constant activation

signal and the NOT input, respectively. Both electrodes 4 12B and 4 15B on the

opposite side from the constant activation signal and the NOT input are utilized as an

output of the logic device 402. In other embodiments, a single one of the electrodes

can be used as the output of the logic device 402. Because the logic device 401

(OR gate operation) is cascaded with the logic device 402 (NOT gate operation),

the output of the logic device 402 is a NOR output. In other words, the output ofthe

logic device 401 , which can be an OR output, is connected to the input of the logic

device 402, which can be a NOT input. In some embodiments, an amplifier 420 can

be used between the OR output of the logic device 401 and the NOT input of the logic

device 402.

[0049] Thus, two mechanical resonator-based cascadable logic devices can

be utilized to realize the universal NOR gate functionality, for example, as shown in



the NOR gate 400. NOR gates such as the NOR gate 400 are cascadablein nature

since the input/output are pure AC signals having a similar frequency, given by the

second mode of each such device.

[0050] FIG. 4B is a block diagram that illustrates the logic circuit operation of

the NOR gate 400 of FIG. 4A. Specifically, logic input AC signals A and B are input

to OR gate 401 , which produces an OR Output. The OR Output is supplied to an

amplifier 403, which feeds one of the two inputs of NOT gate 402. The other input

of the NOT gate 402 is fed by a constant activation signal. The output of the NOT

gate 402 is the output of the NOR gate 400.

[0051] In order to cascade the logic devices, the device should have the same

type of input and output waveform (i.e., AC signals) and the same operational

frequency. Due to fabrication imperfections, it is difficult to produce two resonators

having the resonance frequency. These imperfections can be addressed through tuning

using the DC bias voltage applied to the beam.

[0052] Because cascading the logic devices involves output signals that are

suitable for driving the next logic device, a signal conditioning circuit can be inserted

between two logic devices, an example of which is illustrated in FIG. 5 . The

arrangement in FIG. 5 includes a first OR gate 502 coupled to a current-to-voltage

converter 504, which in turn is coupled to a signal conditioning circuit 506. The signal

conditioning circuit 506 is coupled to the second OR gate 508.

[0053] The current-to-voltage converter 504 comprises a resistor Ri coupled in

parallel between the output of OR gate 502 and the input of the signal conditioning

circuit 506. The value of the resistor Ri can be selected to match the impedance of the



resonator of OR gate 502. The signal conditioning circuit 506 includes a buffer 5 10

coupled between the input of the signal conditioning circuit 506 and a capacitor C2. The

capacitor C2 is coupled to an input of amplifier 5 12 , the output of which is coupled to a

capacitor C3. The capacitor C 3 is coupled to an input of buffer 514, the output of which

is coupled to one of the inputs of the second OR gate 508.

[0054] The arrangement in FIG. 5 will now be described in connection with logic 1

inputs to each input of OR gate 502 and a logic 1 provided to one of the inputs of OR

gate 508 (which is the output of the first OR gate 502) and a logic 0 provided to the

second input of OR gate 508. FIG. 5B illustrates the signal at the output of the first OR

gate 502. As illustrated, the output of the logic inputs is a weak output signal that may

not be able to drive the second OR gate 508. Accordingly, amplifier 5 12 increases the

signal, as illustrated in FIG. 5C, which is a graph of the signal at the output of the signal

conditioning circuit 506. In the illustrated example the single stage amplifier provides a

gain of -60 dB; however, other gains can be employed so long as the amplified signal

can drive the second OR gate 508. Buffers 5 10 and 514 of signal conditioning circuit

506 ensure proper isolation of the signal conditioning circuits and the two OR gates 502

and 508.

[0055] Feed-through parasitic capacitance between the input and output

electrodes can affect the ability to cascade two mechanical resonators. This can be

addressed by arranging an external variable capacitor Ci between the input and output

of the first logic OR gate 502. Accordingly, the value of the external variable capacitor

Ci can be adjusted to cancel the feed-through signal, which eliminates unwanted

parasitic signals coming from previous stages and results in the pure motional signal at



the output of the resonator. This results in a larger difference between the high and low

output states, i.e., a larger noise margin.

[0056] The description of the two cascaded arrangements in FIGs. 4A and 5A are

for purposes of illustration and should not be considered limiting. Thus, other types of

mechanical resonator-based cascadable logic devices can be cascaded together in any

combination. Further, although the cascaded arrangements discussed above involved

only two cascaded logic devices, more than two devices can be cascaded consistent

with this disclosure. Depending upon the number and arrangement of the more than

two cascaded devices, additional current-to-voltage converters, signal conditioning

circuits, and/or variable capacitors can be employed.

[0057] Figure 6 is a flowchart illustrating an exemplary method for operating a

mechanical resonator-based cascadable logic device according to an embodiment,

which will be discussed referencing the devices discussed above. Initially, a DC voltage

117 , 2 17 , or 3 17 is supplied to one of a first 104A, 204A, or 304A and second 104C,

204C, or 304C fixed end of a beam 103, 203, or 303 of a resonator (step 6 10). A first

AC voltage is supplied to one of the first 106, 206A, 206B, 306, or 406A, second 109,

209, 309, or 409A, third 112 , 2 12 , 3 12 , or 4 12A, and fourth 115 , 2 15 , 3 15 , or 4 15A

electrodes (step 620). In the device illustrated in FIG. 2A, the first AC voltage,

representing a first logic input, is supplied to one of the electrodes 206A and 209 and a

second AC voltage, representing a second logic input, is supplied to the other of the

electrodes 206A and 209; in the device illustrated in FIG. 2D, the first AC voltage,

representing the first logic input, is supplied to electrode 209 and a constant activation

signal, as the second logic input, is supplied to electrode 206B; and in the device



illustrated in FIG. 3A, the first AC voltage, representing the first logic input, is supplied to

one of the electrodes 309 and 3 1 and the second AC voltage, representing the second

logic input, is supplied to the other of the electrodes 309 and 3 12 .

[0058] An output is generated from another one of the first, second, third, and

fourth electrodes (step 630), the output being the result of a logic operation of at least

the first AC voltage. In the devices illustrated in FIGs. 2A and 2D, the output generated

by a joint output from electrodes 2 12 and 2 15 ; and in the device illustrated in FIG. 3A,

the output is generated by electrode 3 15 .

[0059] The disclosed mechanical resonator-based cascadable logic devices can

be produced using a highly conductive Si device layer of silicon on insulator (SOI) wafer

via a two-mask process. The fabrication process can involve standard photo

lithography for patterning. Sputter deposition and lift-off can be performed for laying

down the Cr/Au pads. Deep Reactive Ion Etch (DRIE) can be used to selectively etch

the Si device layer to form the desired structure. Finally, HF vapor etch of the S1O2

layer can be performed to release the microstructure.

[0060] The disclosed mechanical resonator-based cascadable logic devices

provide good maximum operation speed and energy consumption per logic operation,

two important aspects of such logic elements. The operation speed of the disclosed

devices is limited by the mechanical transition time {Ql t), which is approximately 500

Hz. However, with NEMS resonators reaching the GHz frequency range, operation

speed in the MHz range can be expected. The maximum energy consumption per logic

- Y
operation can be conservatively estimated based on " > , where V=0.007 V



(RMS), is the AC driving voltage, s= 2 ms is the switching time, and Rm=8 ΜΩ is the

estimated motional resistance of the microresonator. Thus, the maximum energy

consumption for the disclosed logic devices per logic operation can be estimated to be

around 12.24 fJ. Although devices based on DC modulated logic inputs have relatively

less energy consumption to perform the switching operation, a constant source of

energy dissipation exists in the form of the activation energy applied as an AC voltage

to the resonator. This, in other words, is analogous to the leakage in CMOS based logic

devices. The disclosed logic devices address the slow response times and high energy

costs of other resonator-based devices, which employ electro-thermal actuation.

[0061] Thus, a resonator that performs logic operations via activation and

deactivation of a second resonant mode while using same signal waveforms, AC

signal, as inputs and outputs can be made using the concepts described herein. A

single resonator can be adapted for the fundamental logic gate operations: OR,

NOT and XOR at a fixed operating frequency via adjusting the wiring scheme

only without any change in its architecture. A resonator that allows cascading of

logic gates among them to perform complex computing operations and realizes a

universal NOR gate through this cascading scheme by combining OR and NOT

gates in series can be achieved. A logic element can be operated at room

temperature under moderate level of vacuum (reduced pressure) or in air.

[0062] The disclosed embodiments provide cascadable mechanical resonator

logic devices. It should be understood that this description is not intended to limit the

invention. On the contrary, the exemplary embodiments are intended to cover

alternatives, modifications and equivalents, which are included in the spirit and scope of



the invention as defined by the appended claims. Further, in the detailed description of

the exemplary embodiments, numerous specific details are set forth in order to provide

a comprehensive understanding of the claimed invention. However, one skilled in the

art would understand that various embodiments may be practiced without such specific

details.

[0063] Although the features and elements of the present exemplary

embodiments are described in the embodiments in particular combinations, each

feature or element can be used alone without the other features and elements of the

embodiments or in various combinations with or without other features and elements

disclosed herein.

[0064] This written description uses examples of the subject matter disclosed to

enable any person skilled in the art to practice the same, including making and using

any devices or systems and performing any incorporated methods. The patentable

scope of the subject matter is defined by the claims, and may include other examples

that occur to those skilled in the art. Such other examples are intended to be within the

scope of the claims.



WHAT IS CLAIMED IS:

1. A napparatus ( 100, 200A, 200B, 300, 400, 500), comprising:

a resonator, including a beam ( 103, 203, 303, 403A) having a first fixed end

( 104A, 204A, 304A), a second fixed end ( 1 04C, 204C, 304C), and a length ( 104B,

204B, 304B) between the first ( 104A, 204A, 304A) and second ( 1 04C, 204C, 304C)

fixed ends;

a first electrode (106, 206A, 206B, 306, 406A) and a second electrode ( 109, 209,

309, 409A) aligned along a first side of the beam ( 1 03, 203, 303);

a third electrode ( 1 12, 2 12, 3 12, 4 12A) and a fourth ( 1 15, 2 15, 3 15, 4 15A)

electrode aligned along a second side of the beam (103, 203, 303, 403A) and opposite

the first (106, 206A, 206B, 306, 406A) and second (109, 209, 309, 406B) electrodes;

a DC voltage ( 1 17, 2 17, 3 17) source coupled to one of the first ( 1 04A, 204A,

304A) and second ( 104C, 204C, 304C) fixed ends of the beam;

wherein at least one of the first (106, 206A, 206B, 306, 406A), second ( 1 09,

209, 309, 406B), third ( 1 12, 2 12, 3 12, 4 12A), and fourth ( 1 15, 2 15, 3 15, 4 12B)

electrodes is coupled to a first AC voltage source so that a logic operation is

performed by activating a second resonant mode of the resonator.

2 . The apparatus of claim 1, wherein each of the first, second, third, and fourth

electrodes are substantially half the length between the first and second fixed ends

of the beam.



3. The apparatus of claim 1, wherein the apparatus is an exclusive OR gate,

and wherein the first electrode is coupled to the first AC voltage source, the second

electrode is coupled to a second AC voltage source, and the third and fourth

electrodes are coupled together to provide an AC output of the apparatus.

4. The apparatus of claim 1, wherein the apparatus is a NOT gate, and wherein

the first electrode is coupled to the first AC voltage source, the second electrode is

coupled to a second AC voltage source, the third and fourth electrodes are coupled

together to provide an AC output of the apparatus, and the second AC voltage

source is a fixed AC voltage source.

5. The apparatus of claim 1, wherein the apparatus is an OR gate, and wherein

the first electrode is a floating electrode not coupled to a voltage source, the second

electrode is coupled to the first AC voltage source, the third electrode is coupled to

a second AC voltage source, and the fourth electrode provides an AC output of the

apparatus.

6. The apparatus of claim 1, wherein the resonator and the first, second, third,

and fourth electrodes comprise a first logic device, the apparatus further

comprising:

a second logic device, comprising:

a second logic device resonator, including a second logic device beam

having a first fixed end, a second fixed end, and a length between the first



and second fixed ends;

a fifth electrode and a sixth electrode aligned along a first side of the

second logic device beam;

a seventh electrode and an eighth electrode aligned along a second

side of the second logic device beam and opposite the fifth and sixth electrodes,

wherein at least one of the first, second, third, and fourth electrodes of the

first logic device are coupled to provide an AC output signal to at least one of the

fifth, sixth, seventh, and eighth electrodes of the second logic device.

7. The apparatus of claim 6, wherein a current-to-voltage converter is coupled

between the first and second logic devices.

8. The apparatus of claim 7, wherein a signal conditioning circuit is coupled

between the current-to-voltage converter and the second logic device.

9. The apparatus of claim 8, wherein the signal conditioning circuit includes an

amplifier and at least one buffer.

10. The apparatus of claim 6, further comprising:

a variable capacitor coupled between the first AC voltage source and an

output of the first logic device.



11. A method, comprising:

supplying (61 0) a DC voltage to one of a first ( 104A, 204A, 304A) and

second fixed end ( 1 04C, 204C, 304C) of a beam of a resonator, wherein the beam

has a length ( 104B, 204B, 304B) between the first ( 104A, 204A, 304A) and second

( 104C, 204C, 304C) fixed ends;

supplying (620) a first AC voltage to one of a first (106, 206A, 206B, 306, 406A),

second ( 1 09, 209, 309, 409A), third ( 1 12, 2 12, 3 12, 4 12A), and fourth ( 1 15, 2 15,

3 15, 4 15A) electrodes, wherein the first (1 06, 206A, 206B, 306, 406A) and second

( 109, 209, 309, 409A) electrodes are aligned along a first side of the beam, and the

third ( 1 12, 2 12, 3 12, 4 12A) and fourth ( 1 15, 2 15, 3 15, 4 15A) electrodes are aligned

along a second side of the beam and opposite the first and second electrodes;

generating (630) an output from another one of the first (106, 206A, 206B, 306,

406A), second ( 109, 209, 309, 409A), third ( 1 12, 2 12, 3 12, 4 12A), and fourth ( 1 15,

2 15, 3 15, 4 15A) electrodes, wherein the output is a result of a logic operation of at

least the first AC voltage.

12. The method of claim 11, wherein at least one logic state generated from

the another one of the first, second, third, and fourth electrodes is obtained by

driving the first, second, third, and fourth electrodes asymmetrically so that the

resonator operates in its second mode of vibration.



13. The method of claim 11, wherein the logic operation is an exclusive OR

operation and the first electrode is supplied with the first AC voltage, the method

further comprising:

supplying a second AC voltage to the second electrode, wherein the output is

a common output from the third and fourth electrodes.

14. The method of claim 11, wherein the logic operation is a NOT operation and

the first electrode is supplied with the first AC voltage, the method further

comprising:

supplying the second electrode with a fixed AC voltage, wherein the output is

a common output from the third and fourth electrodes.

15. The method of claim 11, wherein the logic operation is an OR operation, and

wherein the first electrode is a floating electrode not coupled to a voltage source,

the method further comprising:

supplying the third electrode with a second AC voltage, wherein the fourth

electrode is the output.

16. The method of claim 11, wherein the resonator and the first, second, third,

and fourth electrodes comprise a first logic device, the method further comprising:

supplying the output from the another one of the first, second, third, and

fourth electrodes to a second logic device.



17. The method of claim 16, further comprising:

converting the output from the another one of the first, second, third, and

fourth electrodes from a current to a voltage; and

amplifying the voltage, wherein the amplified voltage is applied to one of a

fifth, sixth, seventh, and eighth electrode of the second logic device.

18. An apparatus (400, 500), comprising:

a first logic device (401 , 502), comprising

a first resonator, including a first beam (403A) having a first fixed end,

a second fixed end, and a length between the first and second fixed ends;

a first electrode (406A) and a second electrode (409A) aligned along a

first side of the beam;

a third electrode (41 2A) and a fourth electrode (41 5A) aligned along a

second side of the beam (403A) and opposite the first (403A) and second

(409A) electrodes; and

a second logic device (402, 508), comprising

a second resonator, including a second beam (403B) having a first

fixed end, a second fixed end, and a second length between the first and

second fixed ends;

a fifth electrode (406B) and a sixth electrode (409B) aligned along a first

side of the second beam (403B);

a seventh electrode (41 2B) and an eighth electrode (41 5B) aligned

along a second side of the second beam (403B) and opposite the fifth and sixth



electrodes,

wherein a first AC voltage source is coupled to one of the first (406A), second

(409A), third (41 2A), and fourth (41 5A) electrodes, and another one of the first

(406A), second (409A), third (41 2A), and fourth (41 5A) electrodes is coupled to one

of the fifth (406B), sixth (409B), seventh (41 2B), and eighth (41 5B) electrodes.

19. The apparatus of claim 18, further comprising:

a current-to-voltage converter coupled the another one of the first, second,

third, and fourth electrodes; and

a signal conditioning circuit having an input coupled an output of the current-

to-voltage converter and an output coupled to the one of the fifth, sixth, seventh,

and eighth electrodes.

20. The apparatus of claim 19, wherein the signal conditioning circuit comprises

at least one buffer and an amplifier.
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