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Abstract:

 This paper qualitatively explores the performance limits, i.e., energy vs. frequency, of adiabatic logic circuits based on nanoelectromechanical (NEM) switches. It is shown that the contact resistance and the electro-mechanical switching behavior of the NEM switches dictate the performance of such circuits. Simplified analytical expressions are derived based on a 1-dimensional reduced order model (ROM) of the switch; the results given by this simplified model are compared to classical CMOS-based, and sub-threshold CMOS-based adiabatic logic circuits. NEMS-based circuits and CMOS-based circuits show different optimum operating conditions, depending on the device parameters and circuit operating frequency.
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1. Introduction

Adiabatic logic circuits were introduced as a possible means to achieve ultra-low power circuits by taking advantage of the adiabatic charging principle [1,2,3,4] (the adiabatic charging principle states that if the voltage in a circuit changes slower than the electric time constant of the circuit, then resistive losses are reduced). However, while the adiabatic charging principle affords a possibly unlimited energy-performance compromise [3], at least in theory, the fact is that CMOS-based adiabatic circuits suffer from non-adiabatic residues and leakage loss components that deteriorate their performance.

On the other hand, electrostatic nanoelectromechanical (NEM) switches have already been suggested and demonstrated for use in classical logic circuits [5,6,7,8]. NEM switches offer the advantage of zero leakage current and therefore zero static power dissipation, which is an appealing property for low power low performance circuits. However, these switches require high operating voltages and suffer from low switching speeds when compared to MOSFETs, see for example [5] and [7] for a comprehensive review. These factors constitute serious obstacles to replace CMOS circuits by NEM relays for low power solution.

Nonetheless, NEM switches are ideal candidates to replace classical CMOS elements in adiabatic logic circuits [9], where the zero leakage current experienced in NEM switches allows the efficient operation of NEM-based adiabatic logic circuits at low frequencies without any static dissipation penalties, and at the same time the use of adiabatic charging makes it possible to offset the high energy dissipation that accompanies the voltages required to operate the nanoelectromechamical relays.

In this paper, the basic principles of adiabatic circuits will be presented, the dissipation of adiabatic circuits will be explicitly derived based on a simplified circuit model and compared for three different device technologies, which are: the classical CMOS-based circuit, the sub-threshold CMOS-based circuit and NEMS-based circuit respectively. It will be shown that replacing a MOSFET switch by an ideal electromechanical one does contribute in reducing significantly the power dissipation. It will also be demonstrated that the contact resistance of electromechanical switches may well be a limiting factor on the performance of NEM-based adiabatic logic circuits. This paper aims to present a modeling based results that gives to a good approximation the qualitative behavior of NEMS-based adiabatic logic circuits.

This paper starts by introducing the principle of adiabatic charging and how it translates to energy saving in logic circuits in Section 2. The energy saving terms will be derived for both CMOS, and sub-threshold CMOS in Section 3. Afterwards, electrostatic nanoelectromechanical relays will be introduced in Section 4, and attention will be given to the contact resistance of NEM switches, followed by an explicit derivation of the performance limits of NEM-based adiabatic circuits. A brief discussion of the results will be given in Section 5. Finally, the paper ends by a discussion regarding the implication of obtained results for circuit design and possible future trends in Section 6.



2. Adiabatic Charging of an RC Circuit

The operation of a logic circuit typically consists of charging a capacitor through a series resistance, where the capacitor is mainly that of the fan out interconnect and the resistance is dominated by the switching element series resistance.

In conventional circuits, the capacitor charging is done under constant voltage, which is the circuit operating voltage Vdd. This constant voltage charging results in dissipative energy losses of  [image: Jlpea 03 00368 i021] for a charge-discharge cycle. This remains the case regardless of the values of the series resistance or load capacitance.

In adiabatic charging, a slowly varying voltage source, usually a linearly ramped voltage, is used to charge and discharge the load capacitance [10]. This slowly varying voltage source results in a reduced dissipated energy E for the charge-discharge cycle given by:



 [image: Jlpea 03 00368 i001]



(1)




where R is the series resistance assumed to be dominated by the switching element, C is the load capacitance, and T is the ramp period. Equation (1) is accurate while  [image: Jlpea 03 00368 i022].
A simplified model of a typical adiabatic logic circuit is schematically represented in Figure 1, showing both the series resistance and the load capacitance. In the case of a NEMS switch, a variable capacitance CS is added to represent the change in the NEMS device capacitance upon commutation (the origin of this change in capacitance will be detailed in Section 4). Also shown is the typical four-phase power clock (ϕ) used, where the ramp-up, hold, and the ramp-down times are shown each having a period T. In a typical adiabatic circuit, both the power clock and the input have the same waveform with a T phase shift between the two [4].

Figure 1. Schematic representation of an equivalent logic circuit showing the four phase power clock with equal length segments: F represents the block logic function; RS is the series resistance dominated by the switch resistance; CL represents the load capacitance that is mainly due to interconnect capacitance; and CS represents the nanoelectromechanical switches (NEMS) variable capacitance. The current provided by the power clock is labeled i; the current going into the static interconnect capacitance (CL) is labeled i1; and that going into the variable capacitance of the NEMS switch (CS) is labeled i2.
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3. CMOS-Based Adiabatic Logic Circuits

The sources of dissipation in a CMOS-based adiabatic circuit can be attributed to either adiabatic or non-adiabatic residues. While it is possible to reduce the adiabatic residues by increasing the ramp-up time T, the non-adiabatic losses are not easily controlled, and depend on the device parameters.

The exact performance of CMOS-based adiabatic circuits depends on the exact circuit design; a derivation is presented based on the generic logic circuit diagram shown in Figure 2. Dissipation terms are derived for both classical CMOS circuits and sub-threshold CMOS circuits for the four phase power clock shown in Figure 1.

Figure 2. Schematic representation of a CMOS implementation of an adiabatic logic function F, also identifying the leakage current. This architecture is known as the Positive Feedback Adiabatic Logic (PFAL) architecture [4]; however, the obtained results apply as a first order approximation to other architectures as well.
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3.1. Classical CMOS Circuits

The energy dissipated in a complete charge-discharge clock cycle, including the mean non-adiabatic losses, is given by the following equation [4]:



 [image: Jlpea 03 00368 i002]



(2)




where R and C take the meanings defined previously; and Vdd is the voltage of the hold phase as shown in Figure 1.
In Equation (2), the first term represents the adiabatic residues of a charge-discharge cycle, while the second one represents the energy dissipation due to the sudden discharge of the residual output voltage [2]. Finally, the last term represents the power dissipation due to leakage currents, i.e., the passive power dissipation, where in the above expression Ileak represents the average leakage current over a complete clock period.

Figure 2 shows an adiabatic circuit having an arbitrary logic function F: once the input is in its hold phase, the synchronized power clock ϕ will start its 4-phase period. During the time the power clock is applied, either the logic block or its complement will be passing, and therefore either the output or the inverted output will follow the clock voltage. Therefore, a leakage current will be experienced on one of the two latch nMOS transistors as shown in Figure 2.



The main leakage current component in a MOSFET is due to the sub-threshold leakage current Ileakage given by:



 [image: Jlpea 03 00368 i003]



(3)




where I0 is a function of the transistor size and parameters; Vt is the thermal voltage  [image: Jlpea 03 00368 i023]; and VDS is the source-drain voltage which is assumed to perfectly follow the power clock.
Considering the four phases of the power clock shown in Figure 1, the leakage energy term expressed in Equation (2) may be calculated by replacing the leakage current with Equation (3) and the voltage by the clock voltage and integrating their product over the clock period. Therefore, the passive dissipation is given by:



 [image: Jlpea 03 00368 i004]



(4)




where Eleakage is the leakage energy dissipation, and the first, second and third integrals correspond to the rising phase, the hold phase, and the decreasing phase of the power clock respectively.
Furthermore, the series resistance RS of a MOSFET is also a function of the transistor properties and the operating voltage, and is given by:



 [image: Jlpea 03 00368 i005]



(5)




where L, µn and Cn are device dependent parameters; and Vth is the transistor threshold voltage.
By replacing the right hand sides of Equations (4) and (5) into their respective terms in Equation (2), the energy dissipation of a CMOS-based adiabatic circuit may be expressed as:



 [image: Jlpea 03 00368 i006]



(6)




The energy dissipation as expressed in Equation (6) admits an optimum operating period Toptimum, that can be obtained by solving dE/dT = 0, and an optimum voltage equal to 3 Vth. This optimum is visible in the energy-performance plot shown in Figure 3.

Figure 3. Comparison between the performance of adiabatic circuits using: conventional CMOS (solid red line) as given by Equation (2), and sub-threshold CMOS (dashed blue line) as given by Equation (7), both done for the same device parameters. The non-adiabatic residue in classical CMOS circuit is also shown for comparison (solid black line).
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3.2. Sub-Threshold CMOS Circuits

Combining adiabatic logic and sub-threshold mode may provide interesting energetic performance if low frequency operation is allowed. Calculation of energy is more complex in the case of sub-threshold CMOS, but by using Equation (3), it is possible to obtain the following approximate equation for the 2N-2P adiabatic gate:



 [image: Jlpea 03 00368 i007]



(7)




where n is the body effect factor and Vt the thermal voltage.
If low frequency mode is allowed (less than 1 MHz), comparison of Equations (6) and (7) defines conditions where sub-threshold mode is advantageous. Equation (7) is also plotted in Figure 3 for comparison using the same transistor parameters used to plot (6).






4. NEMS-Based Adiabatic Logic Circuits

Nanomechanical switches are devices that rely on a beam, cantilever, or a membrane to deform under the effect of electrostatic force in order to make and break electrical contact upon the application of an external voltage. NEMS switching elements offer the property of zero leakage current [5]. Although NEMS switches of varying design, dimensions and materials have been constructed and demonstrated, this paper relies on a 1-dimensional model as introduced in [11] that may be applied to all devices equally in order to obtain a generic formulation of NEMS-based adiabatic logic circuits.

A typical 1-dimensional reduced order model of a 3-terminal electrostatic NEMS switch, where the structure is modeled by a simple parallel plate capacitor, is schematically represented in Figure 4a: an electrostatic force is created between the gate electrode (G) and the suspended structure. When a bias voltage is applied, this force brings the structure which is connected to the drain (D), into contact with the source electrode (S). The source electrode is assumed to play no role in the electrostatic actuation of the structure. If the ratio of air gap d to actuation gap g is  [image: Jlpea 03 00368 i024], an instability known as pull-in takes place. The pull-in results in a hysteretic effect as shown for an ideal I-V response plotted in Figure 4b, in which case the voltage at which pull-in takes place, known as the pull-in voltage (Vpi), is larger than the voltage at which the structure breaks contact, known as the pull-out voltage Vpo. In case the contact is established before the onset of pull-in, i.e.,  [image: Jlpea 03 00368 i025], then there is only a contact voltage Vcontact = Vpi = Vpo.

Figure 4. Schematic illustration of a reduced order model of a nanoelectromechanical switch (a) showing the source (S), drain (D) and gate (G). Also visible are the actuation and contact gaps, g and d respectively; V and I represent the actuation voltage and the source-to-drain current respectively; and ϕ represents the power clock signal; (b) Typical I-V plots in a NEMS switch operating in the pull-in mode, where Isat represents the saturation current of the device.
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The total energy dissipation ETotal in a NEMS-based adiabatic circuit may be expressed as:



ETotal = EElectrical + EMechanical



(8)




where EElectrical and EMechanical are the energy dissipated by the electrical resistance and the energy dissipated through mechanical damping respectively. While the mechanical energy dissipation may depend on the ramp period T, it will be considered as a constant second order residue throughout this work.
Based on the equivalent circuit in Figure 1, the electrical dissipation EElectrical may be expressed as:



 [image: Jlpea 03 00368 i009]



(9)




where i, i1 and i2 are the currents going through the series resistance RS, the load capacitance CL and NEMS capacitance CS respectively, as shown in Figure 1. An expression for the current in each branch may be derived as follows:


 [image: Jlpea 03 00368 i010]



(10)




From Equations (9) and (10), one can remark that the NEMS parameters governing the dissipation in an adiabatic circuit are the series resistance RS and the time-dependent capacitance value of the NEMS switch  [image: Jlpea 03 00368 i026]. Furthermore, the minimum values of Vdd and T are set by the switch and therefore also dependent on the NEMS device.



Therefore in order to obtain a comprehensive description of dissipation in NEMS-based adiabatic logic circuits, it is necessary to inject values for the switch series resistance and its transient behavior into Equations (9) and (10). These values are obtained from realistic contact mechanics models and dynamics NEMS models respectively, and are explicitly detailed below.


4.1. Contact Resistance in Nanomechanical Switches

The series resistance of an electromechanical switch is in fact dominated by the resistance at the contact between the movable and fixed electrodes [12]. Therefore, proper electromechanical modeling of the contact resistance is crucial when designing NEMS relays based circuits.

Recent literature review of electromechanical contact in nano- and microelectromechanical systems [13] indicate that to appropriately model the electromechanical contact, a multi-physics model that accounts for surface topography, elastic and plastic deformations, adhesion forces, surface contamination, and electron transport regime through the contacting areas needs to be employed. However, such complete modeling of contact aspects is beyond the scope of this paper, therefore a simplified contact model that considers two spherical asperities brought together under an applied force Fapplied will be used.

Several models exist to describe the resulting interplay between the mechanical deformation of the asperities and the electrical behavior of the contact. Here, two common contact mechanics models will be considered, the Hertz contact theory [14] and the JKR contact model [15]. In addition, two electrical resistance models will be considered, the Maxwell resistance, and the Sharvin ballistic resistance.

The Hertz contact assumes perfectly elastic deformations of two asperities, while at the same time neglecting any adhesion forces that may exist at the interface between the asperities: the radius rH of the circular contact spot between two asperities shown schematically in Figure 5, is given by:

Figure 5. Schematic illustration of two asperities in contact, deformed under the effect of an applied load.
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(11)




where R is the equivalent asperity radius given by R = R1R2/(R1 + R2) where R1 and R2 are the radii of the first and second asperities respectively; and E* is the effective elastic modulus given by  [image: Jlpea 03 00368 i028], where E1, ν1, E2, ν2, are the Young moduli and Poisson ratios of the first and second asperities respectively.
In a reduced order model approximation, the force Fapplied applied to the contacting asperities may be expressed as:



 [image: Jlpea 03 00368 i012]



(12)




where F0 is the minimum electrostatic contact force when Vdd = Vpi, and α represents the restoring elastic force; the exact values of both F0 and α depend on the device design and fabrication. Note that Equation (12) only applies once contact is established, i.e., Vdd ≥ Vcontact, regardless of whether the switch is operating in the pull-in or non-pull-in regimes.
The Johnson-Kendall-Roberts (JKR) contact model on the other hand accounts for possible adhesion forces while also considering a purely elastic contact. A first order approximation of the contact radius in the JKR model is given by:



 [image: Jlpea 03 00368 i013]



(13)




where rJKR is the contact radius for a JKR type contact, R and K take the same values as expressed previously, and Δγ is the net adhesion energy between the two surfaces.
The electrical contact resistance given by Maxwell (RMaxwell) in the diffusive transport regime, and Sharvin (RSharvin) in the ballistic transport regime are respectively expressed as:



 [image: Jlpea 03 00368 i014]



(14a)
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(14b)




where ρ is the electrical resistivity of the contacting asperities; r is the contact radius as defined above; and λe is the electron mean free path.
The expressions of the contact deformation and the contact resistance given by Equations (11) through (14), when combined together, give four electro-mechanical contact models. These contact models can be injected into Equation (9) to determine the effects of contact resistance on the total energy dissipation. The impact of these four models on the dissipation and performance of NEMS-based adiabatic logic circuits will be explored in the results and discussion section.





4.2. Switching Behavior of Nanomechanical Switches

The switching behavior of nanoelectromechanical switches will take on an important role in determining the losses in a NEMS-based circuit: this is due to the fact that the device capacitance, i.e., CS, is inversely proportional to the time-dependent position X(t) of the movable mass, as given by the parallel plate capacitor value:



 [image: Jlpea 03 00368 i015]



(15)




where we define C0 as the NEMS switch capacitance in the initial position, i.e., for X = 0.
The question of the time dependent response of a NEMS switch has been treated to some length in literature for the case of step voltage actuation, which is the type of actuation envisioned for classical circuits; see for example [6,16]. Furthermore, the dissipation resulting from the transient current that is generated upon commutation under a step voltage actuation was also obtained [17].

However, the voltage waveform in an adiabatic logic circuit is, by definition, required to be slowly varying. This constitutes the biggest difference between classical and adiabatic circuits with respect to NEMS dynamics. This fact results in an interplay between electrical and mechanical time constants, where the mechanical time constant is defined as the switching delay of the NEMS device. Therefore, two limiting cases will be considered separately, depending on the relations between the mechanical time constant (τMech), the electrical time constant (τElec), and the rise time of the clock signal (T).

First case (τMech >> T >> τElec): in this scenario, that we will also refer to as “dynamic mode”, the electric time constant is considered to be several orders of magnitude smaller than the mechanical time constant. The rise time of the clock signal is also much smaller than the mechanical time constant, such that from a mechanical point of view, the voltage would be ramped up to its hold value of Vdd, before the mechanical structure even begins to move. Therefore, the structure responds in a manner that is similar to that when subjected to a step voltage. The net effect of this form of operation is to have a hold time that is significantly longer than the rise time, as shown in Figure 6.

Figure 6. Schematic representation of the necessary clock signal for NEMS-adiabatic circuits working in the limit of (τMech >> T >> τElec ) with the hold phase lasting longer than the ramp-up and ramp-down phases. Also shown in the figure is the required synchronization between two phase clocks.
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The electrical dissipation, in this case, may be obtained by decoupling the electrical and mechanical time scales by rewriting Equation (9) as follows:



 [image: Jlpea 03 00368 i016]



(16)




The first term on the right hand side of (16) represents the dissipation due to the ramped electric charging of the interconnect and the switch capacitance: because the charging takes place during a time T which is small compared to the τMech, the switch capacitance is assumed to be a time-independent constant equal to C0. While the second term represents the effect of a varying switch capacitance, which takes place upon mechanical commutation, under the effect of the now stable bias voltage Vdd. For each of these terms, the currents are defined differently, given by:


 [image: Jlpea 03 00368 i017]



(17a)






 [image: Jlpea 03 00368 i031]



(17b)




The transient current in Equation (17b) and the resulting dissipation were derived explicitly in [17], while the values in (17a) may be placed directly into Equation (16) to obtain a value for the electrical dissipation per switching operation. Furthermore, for the case of a switch response to an applied step voltage, the mechanically dissipated energy may be obtained by integrating the electrostatic force over the trajectory of the parallel plate [7], resulting in:  [image: Jlpea 03 00368 i027], where g and d are the values of the actuation and contact gaps, respectively, as shown in Figure 4.

By combining Equations (16) and (17b), and including the mechanical losses, the total energy dissipated per switching cycle may be expressed as:



 [image: Jlpea 03 00368 i018]



(18a)




where:


 [image: Jlpea 03 00368 i032]



(18b)




and:


 [image: Jlpea 03 00368 i033]



(18c)




where all symbols in Equation (18a–c) take their previously defined meaning, and ω0 is the mechanical resonance frequency of the spring-mass system that models the NEMS switch. The ramp subscript is meant to represent the dissipation during the ramp-up and ramp-down phases of the power clock cycle.


Second case (T >> τMech >> τElec): another limit case to consider is when the rise time of the clock signal is slow compared to the mechanical time constant: therefore, the mechanical structure is assumed to move slowly. We will refer to this case as the “quasi-static mode”. Both the power clock rise time and the mechanical time constant are considered to be significantly longer than the electrical time constant.

It is important to note that, for this case, if the contact is to be established beyond pull-in, then a transient dissipation term will have to be introduced again into the dissipation equations, therefore negating the advantages that are sought to be obtained under this mode of operation. Therefore, for this case, only switches operating before pull-in will be considered.

To obtain the response of a NEMS switch, and hence the dissipation, it is necessary to solve the following governing normalized nonlinear differential equation [18]:



 [image: Jlpea 03 00368 i019]



(19)




where  [image: Jlpea 03 00368 i029], and V(t) is the time dependent ramp-up voltage; and X(t) is the time dependent displacement as shown in Figure 4.
Equation (19) can only be solved numerically, and it is therefore difficult to provide a general solution for different values of ramp-up periods.

An approximate solution is therefore derived based on the hypothesis that the nanomechanical structure is moving slowly compared to its mechanical time constant (which is the underlying assumption for this case). More precisely, if T >> Q/ω0, where Q is the mechanical quality factor, a solution based on static equilibrium equations is considered to be a good approximation. Such a solution is explicitly derived in [19], and gives an expression for the total energy dissipation as:



 [image: Jlpea 03 00368 i020]



(20)




In fact, two additional dissipation terms exist, one related to the mechanical dissipation, while the other is a non-adiabatic residue due to broken ramp-up ramp-down symmetry caused by adhesion forces. However, both these terms are small and are neglected in this analysis, as their derivation is beyond the scope of this publication.



5. Results and Discussion

From what is already introduced in the previous section, it is clear that the two most influential features of NEMS-based adiabatic circuits are: the contact resistance and the dynamic response of the switch.

The dynamic response of the switch and the way it affects power consumption are related to the mode of actuation of the switch, where a quasi-static actuation, i.e., “mechanically adiabatic”, is theoretically possible if a long enough ramp-up time is used. This form of operation of NEMS-switches is however less poised to be a candidate for practical adiabatic circuits, due to the low commutation speeds required for that mode of operation. In the dynamic operation mode, on the other hand, the switch is operated near its mechanical switching frequency, and consequently the adiabatic circuit operates near the NEMS switch commutation frequency.

The difference between the two operation modes in terms of power dissipation as a function of frequency is plotted in Figure 7; the energy is normalized with respect to C0Vdd². The energy dissipation curves are calculated for CL = 10C0, a value chosen by industry standards [20]. Additionally, the contact gap to electrostatic gap ratio is taken to be d/g = 2/3. The horizontal axis of the graph in Figure 7 represents the operating frequency of the circuit normalized to the nominal resonance frequency of the NEMS structure.

Figure 7. Comparison of the performance of NEMS-based adiabatic circuits shown for: the dynamic mode of operation (black line) as given by Equation (18a–c), and the quasi-static mode of operation (red line) as given by Equation (20), both done for d/g = 2/3, and CL = 10C0.
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The first difference between the two operating modes shown in Figure 7 is the frequency of operation, which differs by almost two orders of magnitude. The second difference is the magnitude of dissipated energy per operation. A difference of approximately two orders of magnitudes lower is observed for quasi-static operation. This latter effect is due to the mechanical energy dissipated per charge-discharge in the dynamic mode; this energy remains constant independently from the circuit operating frequency. Finally it is worth mentioning that, in the case of the quasi-static mode, adhesion forces set the lower limit of dissipation. Indeed, according to Equation (20) the energy dissipation limit is directly proportional to the contact resistance. As mentioned before, the JKR contact model considers the adhesion energy or adhesion force between the contacting asperties. Equation (13) indicates that the more the adhesion force, the larger the contact spot radius, and as a consequence the lower the contact resistance, whatever the electronic transport regime. The energy dissipation limit is then strongly influenced by adhesion forces. However the exact determination of adhesion forces requires significant efforts and is beyond the scope of this paper.

The contact resistance is a critical feature of a NEMS switch as it dictates energy dissipation and plays a direct role as it sets the RC/T adiabatic gain factor of the circuit.

The energy dissipation of a NEMS-based adiabatic circuit operating in the dynamic mode is calculated and plotted in Figure 8 for the different contact resistance models presented in Section 4.1. These plots are based on a gold-gold contact with the following physical parameters: equivalent asperity R = 4 µm, surface energy Δγ = 1.4 J/m2 [15], electrical resistivity and electron mean free path of gold are ρ = 22 × 10−9 Ω·m, and λe = 38 nm respectively.

Figure 8. Plots of the contact resistance, described by Equations (11–14b), given by the different models on the performance of NEMS-based adiabatic circuits operating in the dynamic mode. The quasi-static mode is similarly affected (not shown) by the value of contact resistance values.
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Even though these classical contact models are used to simulate micrometer scale contacts, recent literature considers them to be inadequate to address nanometer scale contact, and expects the actual contact resistance to be more sophisticated to simulate and to present larger values than those actually given by the above models [8]. In addition, these models are more suited to describe metal-metal contact, and give poor results when applied to semiconductor-semiconductor contact, as these latter ones may be dominated by tunneling currents [8].

Therefore, contact resistance in nanomechanical relays remains a key parameter that dictates the adiabatic energy saving term in adiabatic logic circuits, and a parameter that needs further theoretical and experimental investigation.



At this point it is worth mentioning that having a supply voltage that is higher than the pull-in voltage, i.e., Vdd > Vpull-in, does not interfere with the proper operation of the circuit provided that the different phases of the power clock are well synchronized, and that is the case for both “dynamic mode” and “quasi-static mode”. This is because if the second power clock phase does not commence until the first one has started its hold value, the switch will already be in the close or open position (depending on the state) regardless of the supply voltage (as long as that is at least equal to the pull-in voltage) which is the purpose in exploring these limit case scenarios.

In fact a certain amount of voltage overdrive should be expected in any nanoelectromechanical integrated circuit, since fabrication variability will undoubtedly results in dispersion of the value of pull-in voltage. Therefore, in any NEMS-based logic circuit certain devices will be slightly overdriven, as it is the case with CMOS logic circuits. While this voltage overdrive does not interfere with the circuit function, it does result in an increased energy dissipation as given by equations (18a–c) and (20) depending on the mode of operation of the circuit.

Finally, we would like to provide a numerical example that compares directly the expected performance of CMOS-based and NEMS-based adiabatic (operating in the “dynamic mode”) logic circuits. In this example we compare the performance of 45 nm CMOS adiabatic circuit with a 1 fF load capacitance to that of a NEMS switch with the following properties: device capacitance = 0.1 fF, pull-in voltage = 1 V, switching time > 1 ns, feature size = 50 nm, contact resistance = 10 KΩ, and a load capacitance of 1 fF.

The NEMS device parameters listed above correspond to the best projected parameters as expected by the ITRS roadmap [20], as well as some parameters extracted from literature. Although a reliable NEMS switch with the above parameters have yet to be demonstrated, the following example gives an insight into the energy gain possible if the ITRS device targets are achieved. The results of this simulation are shown in Figure 9, where the NEMS switch based circuit performs visibly more favorably than both classical and sub-threshold CMOS circuits.

Figure 9. Plots comparing the performance of the classical (black) and sub-threshold (blue) CMOS adiabatic logic circuits (for 45 nm technology node and a 1fF load capacitance), and the performance of a NEMS-based adiabatic logic circuit (also with a 1fF load capacitance).
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6. Conclusions

In summary, in this work, analytical expressions based on simplified circuit models were derived to obtain the performance limits of adiabatic circuits based on conventional CMOS, sub-threshold CMOS and NEMS based devices. Comparisons show that CMOS implementations are plagued by their leakage currents: when operating under a given frequency, the energy dissipation starts increasing again, and this remains the case for CMOS circuits designed and operated in the sub-threshold regime. It should be noted that the energy-optimum of sub-threshold CMOS is lower than that of a classical CMOS, but at high frequencies energy dissipation strongly increases.

It is also shown that for NEMS-based adiabatic circuits, an entire spectrum of possible operating regimes is available, from which two limiting cases were considered. In the first mode, the mechanical structure is assumed to be actuated similarly to a classical, i.e., non-adiabatic, NEMS-based circuit; while on the other operating extreme, the mechanical switch is assumed to operate slowly, in a quasi-static mode. These two operating modes offer contrasting performance in which either the circuit operating frequency is maximized at the cost of higher dissipation (dynamic mode), or the circuit energy dissipation is minimized at the cost of a lower operating frequency (quasi-static mode).

Furthermore, this paper identified several critical nanomechanical parameters that affect circuit behavior. In particular, the mechanical energy injected into the system limits the performance of NEMS switches operating in the dynamic mode, while adhesion energy will play a limiting role on the performance of quasi-statically operated switches. In both cases, it was also observed that the contact resistance of the NEMS device sets the magnitude of the dissipated energy; the full impact of contact resistance should be subject to further investigation, especially as it is correlated with adhesion forces.

Finally, it is of interest to note that the energy dissipated by NEMS-based adiabatic circuits is expected to be significantly lower than is the case of CMOS-based circuit, especially if low to medium circuit operating frequency is desired, a frequency range where their CMOS counterpart performs poorly due to static power loss.






Acknowledgments

The authors would like to thank Mr. Alexis Peschot for his help with the experimental characterization of the electromechanical switches.

This work was funded by the action Carnot AdiaMéca.



Conflicts of Interest

The authors declare no conflict of interest.



References and Notes


	1. 
Koller, J.G.; Athas, W.C. Adiabatic Switching, Low Energy Computing, and the Physics of Storing and Erasing Information. In Proceedings of the Workshop on Physics and Computation, 1992 (PhysComp ’92). Dallas, TX, USA, 2–4 October 1992; pp. 267–270.

	2. 
Athas, W.C.; Svensson, L.J. Reversible Logic Issues in Adiabatic CMOS. In Proceedings of the Workshop on Physics and Computation (PhysComp ’94), Dallas, TX, USA, 17–20 November 1994; pp. 111–118.

	3. 
Paul, S.; Schlaffer, A.M.; Nossek, J.A. Optimal charging of capacitors. IEEE Trans. Circuits Syst. I 2000, 47, 1009–1016. [Google Scholar] [CrossRef]

	4. 
Teichmann, P. Adiabatic Logic: Future Trend and System Level Perspective; Springer: Dordrecht, the Netherlands, 2012. [Google Scholar]

	5. 
Loh, O.Y.; Espinosa, H.D. Nanoelectromechanical contact switches. Nature Nanotechnol. 2012, 7, 283–295. [Google Scholar] [CrossRef]

	6. 
Akarvardar, K.; Elata, D.; Parsa, R.; Wan, G.C.; Yoo, K.; Provine, J.; Peumans, P.; Howe, R.T.; Wong, H.-S.P. Design Considerations for Complementary Nanoelectromechanical Logic Gates. In Proceedings of the IEEE International Electron Devices Meeting, Washington, DC, USA, 10–12 December 2007; pp. 299–302.

	7. 
Kam, H.; King Liu, T.-J.; Stojanovic, V.; Markovic, D.; Alon, E. Design, optimization, and scaling of MEM relays for ultra-low power digital logic. IEEE Trans. Electron Devices 2011, 58, 236–250. [Google Scholar] [CrossRef]

	8. 
Pawashe, C.; Lin, K.; Kuhn, K.J. Scaling limits of electrostatic nanorelays. IEEE Trans. Electron Devices 2013, 60, 2936–2942. [Google Scholar] [CrossRef]

	9. 
Fanet, H. Circuit logique à faible consommation et circuit intégré comportant au moins un tel circuit logique. (in French). EP 2549654 A1, 22 July 2011. [Google Scholar]

	10. 
Svensson, L.; Koller, J.G. Adiabatic Charging without Inductors. In Proceedings of the International Workshop on Low-Power Design, Napa, CA, USA, 24–27 April 1994; pp. 159–164.

	11. 
Nathenson, H.C. The resonant gate transistor. IEEE Trans. Electron Devices 1967, 14, 117–133. [Google Scholar] [CrossRef]

	12. 
Majumder, S.; McGruer, N.E.; Adams, G.G.; Zavracky, P.M.; Morrison, R.H.; Krim, J. Study of contacts in an electrostatically actuated microswitch. Sens. Actuators A: Phys. 2001, 93, 19–26. [Google Scholar] [CrossRef]

	13. 
Toler, B.F.; Coutu, R.A., Jr; McVride, J.W. A review of micro-contact physics for microelectromechanical systems (MEMS) metal contact switches. J. Micromech. Microeng. 2013, 23. [Google Scholar] [CrossRef]

	14. 
Slade, P.G. Electrical Contacts: Principles and Applications; Marcel Dekker: New York, NY, USA, 1999. [Google Scholar]

	15. 
Johnson, K.L. Contact Mechanics; Cambridge University Press: Cambridge, UK; p. 1987.

	16. 
Younis, M.I.; Abdel-Rahman, E.M.; Nayfeh, A. A reduced-order model for electrically actuated microbeam-based MEMS. IEEE J. Microelectromech. Syst. 2003, 12, 672–680. [Google Scholar] [CrossRef]

	17. 
Houri, S.; Valentian, A.; Fanet, H. Transient Dissipation in NEMS-Based Circuits. In Proceedings of the Third Berkeley Symposium on Energy Efficient Electronic Systems; Berkeley, CA, USA: 28–29 October 2013.

	18. 
Leus, V.; Elata, D. On the dynamic response of electrostatic MEMS switches. IEEE J. Microelectromech. Syst. 2008, 17, 236–243. [Google Scholar] [CrossRef]

	19. 
Houri, S.; Valentian, A.; Fanet, H. Comparing CMOS-based and NEMS-based adiabatic logic circuits. Lect. Notes Comput. Sci. 2013, 7948, 36–45. [Google Scholar] [CrossRef]

	20. 
Emerging Research Devices. International Technology Roadmap for Semiconductors. 2009. Available online: http://www.itrs.net/Links/2009ITRS/Home2009.htm (accessed on 29 September 2013). [Google Scholar]





© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png





media/file30.png





media/file27.png





media/file18.png
(a)






media/file13.png





media/file31.png
Total

=L ramp T

En‘cmwcm +

E oo





media/file26.png





media/file39.png
EHenz-Sharvin

EJKR-MaxweII

EJKR-Sharvin

EHertz-MaxweII

107
log(1/T)





media/file9.png





media/file22.png





media/file35.png





media/file28.png





media/file23.png
=

Maxwell =





media/file10.png





media/file5.png
Input
—>

*— o

F

Bl

Out

heakage[

+

i
41

akage





media/file40.png
ub-threshold CMOS

NEMS

log(1/T) Hz





media/file15.png





media/file32.png





media/file19.png





media/file14.png





media/file6.png
Lteakage

Ia[l—ex

|

2
—_—
—





media/file36.png





nav.xhtml


  jlpea-03-00368


  
    		
      jlpea-03-00368
    


  




  





media/file11.png





media/file29.png





media/file1.png





media/file16.png





media/file2.png





media/file20.png





media/file37.png





media/file7.png





media/file24.png
Sharvin =

.





media/file33.png





media/file12.png
log(E)

Sub-threshold
CMOS

log(1/T)





media/file3.png
(eletrical model)





media/file0.png





media/file17.png





media/file38.png
Limited by Mechanical Dissipation

Dynamic Mode

Quasi-Static Mode

10°
log(1/T)





media/file8.png
=
£
3

- .
G
|
o
o s
<
]
<
e
S
Sy

=
~
=
|
Z






media/file25.png
S






media/file34.png
TMech

TMech






media/file21.png





