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Electromechanical adiabatic computing:
towards attojoule operation

Yann Perrin, Ayrat Galisultanov, Hervé Fanet, Gaél Pillonnet
Univ. Grenoble Alpes, CEA LETI, F-38000 Grenoble

Abstract—Considerable efforts have been devoted to the de-
sign of low-power digital electronics. However, after decades of
improvements and maturation, CMOS technology could face an
efficiency ceiling. This is due to the trade-off between leakage
and conduction losses inherent to transistors. Consequently, the
lowest dissipation per operation remains nowadays few decades
higher than the theoretical Landauer’s limit (3 zJ at 300 K).
Adiabatic CMOS architectures are good candidates for reducing
the dynamic losses. But adiabatic operation reduces operating
frequency, thus exacerbating the leakage loss. Consequently,
transistors could not be the appropriate support for adiabatic
logic. In this paper, we bring in a new paradigm for computation.
The elementary device which replaces transistor is based on
coupled moving masses suspended by springs. Such objects can
be fabricated with MEMS in order to provide a relatively high
computing speed (in the order of 1 MHz for a micrometer-
scaled device). In this paradigm, the logic states are encoded
mechanically instead of electrically. The computation is per-
formed by means of electrostatic interactions between the moving
elements. We show how they can be arranged in order to create
combinational logic gates that can be cascaded. Information is
injected and extracted electrically, thus allowing compatibility
with conventional circuits. We estimate resistive and damping
dissipation of the system via electromechanical simulations, for
the case of an AND gate. When the gate is driven adiabatically,
the energy per operation drops in the range of the attojoule,
even with a micrometer-scaled elementary device. This dissipation
almost vanishes for lower frequencies of operation. This suggests
that electromechanical adiabatic computing (EMAC) could be
able to approach Landauer’s limit. EMAC could be valuable
for devices operating under high energy constrains with low
computing power requirements, such as future massively spread
environmental sensors.

I. INTRODUCTION

Over the last decades, considerable efforts have been de-
voted to the design of low power electronics. The power
consumption of conventional CMOS devices arises from
three main contributions [1]: switching dissipation, direct-path
short-circuit current (dynamic) and leakage current (static).
Switching dissipation occurs at each transition between logic
states, as it involves to charge or discharge abruptly a ca-
pacitance C';, from 0 to the supply voltage Vy; (or vice
versa). This process leads to an unavoidable energy dissipation
about 2C V.2, [2]. Most of the load capacitance results from
transistors gates and interconnecting wires. Direct-path short-
circuit current happens when PMOS and NMOS are simul-
taneously “on” during a transition. And nowadays, leakage
current arises essentially from sub-threshold conduction and
tunnelling through the gate dielectric.

Numerous approaches seeking for more energy-efficient
MOSFET transistors are explored, such as multigate transistors
[3] or FDSOI technology [4], amongst others. On the other
hand, the energy efficiency of a circuit can be optimised
by using appropriate architectures and power management
solutions, e.g. sub-threshold circuits [5], asynchronous logic
[6] or adiabatic logic [7]-[9]. Despite this, the minimal dis-
sipated energy per operation (in the order of 10* kgT [10])
remains far beyond the theoretical limit k57 In2 introduced
by Landauer [11].

In adiabatic logic, dynamic dissipation is reduced by avoid-
ing abrupt charging of Cp, i.e. by using smooth transition
between logic states. Furthermore, the energy contained in the
circuit must be recycled at each cycle. This can be achieved
by using a clock signal (which is also the power supply) pro-
vided by a capacitive or inductive generator [12], [13]. When
operated adiabatically, the dissipation of the circuit must be
proportional to its operating frequency. Therefore, the energy
per operation might be lowered at will, but at the expense
of the speed of computation. However, when implemented
with MOSFET transistors, adiabatic operation exacerbates the
leakage dissipation. In addition, the non linearity inherent to
transistors prevents the system to evolve strictly adiabatically
[8]. Therefore, the transistor is probably not the best candidate
for building an adiabatic circuit.

A more recent approach consists in replacing transistors by
MEMS relays, since they does not suffer from current leakage
[14], [15]. However, they show an high contact resistance and
reliability issues [16]. This suggests that, although the use of
MEMS devices might be a promising approach, mechanical
and electrical contact must be avoided. To this purpose, we
recently demonstrate the possibility to implement an adiabatic
logic circuit with comb-drive actuators [17], [18]. Indeed,
comb-drive behaves as a voltage-controlled capacitance, which
could realise combinational functions. The main drawback
of this Capacitive-based Adiabatic Logic (CAL) is that the
computing capacitances have to be greater than the parasitic
capacitances of the wires. This leads to large devices, in the
millimeter scale. In addition, the moving comb must be divided
in two insulated parts.

In this paper, we propose a different approach which over-
comes these difficulties. As in CAL, the computation is per-
formed via comb-drive actuators. But information is encoded
and transmitted from gate to gate by means of a mechanical
displacement, instead of voltages levels. We also show how the
information of electrical inputs can be processed mechanically



Fig. 1. Schematics of the electromechanical system considered here. It shows
two combs in electrostatic influence. As they are free to move along =
(horizontal) direction, they form a variable capacitor. Combs in light colours
(on both sides) will be considered further. The top symbols are the simplified
diagram of this system, which will be used in the next section.

with comb-drives, and that the output can be converted into
an electrical signal. This ensure a full compatibility of EMAC
with other logic families.

II. PRINCIPLE OF ELECTROMECHANICAL ADIABATIC
COMPUTING

A. Elementary device

We consider the elementary device depicted in Figure 1. It
contains two moving parts A; and P;, each carrying a mass m,
and suspended by springs with a total stiffness k. We assume
that they move only along the horizontal axis. These two parts
are shaped like combs and are coupled through n interdigitated
fingers. The right comb P; (in blue) is grounded and is reffered
to as “passive” comb. The left comb A; (in red) is connected
to a voltage source with an electric potential V;, and is reffered
to as "active” comb. V;(t) ranges from O to the supply voltage
of the circuit Vyg.

The comb structure ensures a strong electrostatic coupling.
For this reason, it is wildly used for MEMS devices; this
is called “comb-drive actuator” [19]. Comb-drive actuators
have a mobile and an anchored comb. However, in our case
both combs are free to move when a voltage V; is applied.
Their relative positions are labelled as #:* and 7. We now
need to express the electrostatic force acting on the combs.
In this paper, we consider a comb-drive model based on the
approximation of infinite plane capacitor. Although it neglects
the fringing electric field, this approximation is commonly
used in the literature. More accurate approximations, including
fringing field effects, have also been investigated [20]-[22].

We consider that the capacitance C‘i’i between A; and P; is
given by:
Gy = OEE =50 ygagr) (1)
g
where g, n, t and €g correspond to the gap between the fingers
of opposite combs (cf. Fig. 1), the number of fingers, their
thickness and the vacuum permittivity. H(x) refers to the
Heaviside step function, which equals O if x < O or 1 if z > 0.
Applying a voltage Vi between A; and P; creates an
attractive electrostatic force F“ This force can be calculated
by differentiating the electrostatic energy E; ; with respect to
the overlap between the combs:
~ 8El7z nteg =0

Fi;= or g VG H (& — &) (2)

By design, there is no overlap between the combs in the
state 1 = # = 0. As a consequence of (1) and (2), the
capacitance vanishes but an electrostatic force arises when
a voltage is applied. This force causes the displacement of
the combs. As it is always attractive, A; moves to the right
(@2 > 0) and P; to the left (1" < 0). The springs then lead to
restoring forces which tends to bring the combs back to their
initial positions 7' = # = 0. At the equilibrium position,
electrostatic and spring forces compensate. The equilibrium
positions write:

k

~Aeq __ ~Peq __
z; T=—x; =

3)
B. Reduced units

In order to clarify the expressions and to reduce the number
of free parameters, we choose a specific set of units from
now on. The lengths are expressed with respect to the space
between the combs g. Capacitances are normalised by the
capacitance unit Cyy below:

C(] = m‘eo

Similarly, forces, voltages and time are normalised respec-
tively by:

Fy=kg
k2
vy — | Ra®
nteg
m
To = T

In order to distinguish the normalised quantities from those
in SI units, the normalised quantities are written without the
wavy line. In our set of units, equations (1), (2) and (3) become
dimensionless:

Cii =2(a — 2] H(a]' — a7 @)
F;; =V§H(z! —af) 5)
(I}'?eq — _ffeq — ‘/‘7;2 (6)

In the following, we show how comb-drive actuators can be
assembled in order to create structures that are able to transfer
and process information.
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Fig. 2. Electric diagram associated to a pair of combs. The resistor R
represents the resistance of the wire connecting the voltage source with the
comb A;.

C. Synchronous pipeline

A; and P; are now part of a larger system composed of
N pairs of combs in interaction. Their first neighbours are
depicted in light colours in Figure 1. The 2N combs are
arranged along a chain in such a way that each pair ¢ is coupled
with pairs ¢ — 1 and ¢ + 1 (except for the edges ¢+ = 0 and

= N). Figure 2 depicts the equivalent electric diagram of
A;. The voltage source V; is connected to two capacitances:

o C;; is the capacitance between A; and P;
o C;;_1 is the capacitance between A; and P;_;

Consequently, two opposite forces act on A;. Therefore, A;
cannot move if the combs are symmetrical. For this reason, an
asymmetry is designed to make the coupling between A; and
P; weaker than between A; and P;_;. This can be achieved
by adjusting the numbers of fingers n and n’ depicted in Fig.
1 (in this Figure, n = 2 and n’ = 4 so n’ > n).

In this section, we assume that the system is driven by the
voltage sources with a timescale infinitely greater than the
mechanical relaxation time. This assumption allows to ignore
the dynamic mechanical effects, in a first step. It also allows to
neglect the electrical currents and to consider that the voltages
across the capacitances are equal to the voltages applied by
the voltage sources, i.e. Vgo; = V;.

Under these assumptions, we calculate the electrostatic
forces within the chain of comb-drives. Previous expressions
of equilibrium positions (6) were derived for an isolated pair
of combs. But the first neighbours couplings now must be
considered. To do so, we express the total electrostatic forces
FZ-A and FZ-P that acts on A; and P; using eq. (5).

FfA=—F_1,+F,

7

FP =—Fii+ Fiin @
After replacing the forces by their expressions, F’ and F/
become:

FA = —aV2H(l, -

K2

FP = _VH (! -

(2

o)+ V2 H(@! - of)
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Fig. 3. Sketch of four cascaded buffer gates (top) and their states at specific
times, from top to down: t = 0,t =025T7T,t=05T and t = 0.75 T
The four power supplies are drlven according to eq. (10). The grey rounds
indicate the positions mA = 0. Blue and red circles depict the positions

= a:
of active and passive combs at the time ¢. The green rectangle indicates the
position of the information sent at time ¢ = 0, which corresponds to a logic
state 717,

where o = %/ refers to the ratio between the numbers of

fingers n’ and n (o > 1). The equilibrium positions can be
deduced from these forces:

=V? [H(z{ — 2f) — aH (2]
= —V7H(af - )+04V2+1H(

Aeq
[

Peq
Ty

— )]
9
m?+1)

If all the power supplies V; are set to an high state, e.g. V; =
Vaa Vi € [0; N], all the active combs move towards the left
(a:;4 < 0). Obviously, passive combs move towards the right
(f;D > 0). A last but not least ingredient must be added here, in
order to induce an oriented propagation. The power supplies
must be driven sequentially by a four phases power clock,
with a period of time 7. These trapezoidal shaped signals
are depicted in Figure 8. Applied voltages must satisfy the
following relation:

Vilt) = Vialt - )

1 (10)

Therefore, the mechanical propagation is oriented by introduc-
ing a phase shift about 7 between adjacent voltage sources.
The input electric 31gnal is sent in the first comb-drive Ag,
and is denoted as V{. For transmitting a logic state 1, this
voltage must satisfy eq. (10), meaning that it is synchronised
with the power clocks. For transmitting a logic state 707, 1}
must be grounded. In the following, we describe the sequential
behaviour of the system for both logic states.
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Fig. 4. Sketch of the system depicted in Figure 3 when the input voltage
Vo is grounded. The chain show the opposite behaviour, with active and
passive comb moving towards the left and the right, respectively. This case
corresponds to the transmission of a logic state ”0”.

1) State ”1”: Figure 4 depicts the propagation of a state
”1” through the chain, at different times:

e At time t = 0 (first row), we assume an initial state
where 1} is in an high level state and V; = 0. Therefore,
F(fj < 0 and Py moves towards Ay. We point out that
at t = 0, V3 is also in an high state. Consequently, P
and Ajs collapse. This event is not an issue since the
information (located in Ag) had not yet had sufficient
time to travel through the chain.

o Attime t = %T (second row), Vy and V; are in an high
state. As Py is shifted on the left (z{’ = —V{?), no elec-
trostatic force arise between P and A;. Consequently,
Ay is only attracted by P; and moves towards the right.
Therefore, 1 = V2 and 2 = —V}2. Information is now
located in Aj.

o The same process occurs at time ¢ = %T and %T , leading
to the propagation of the information through the chain.

2) State ”0”: We now consider the opposite case where
the first voltage source is inhibited, i.e. V) = 0 V¢ > 0. Figure
4 shows how information propagates through the system. As
Vo = 0, the force between Ay and Py vanishes so that Py
is only attracted by A;. When V; reaches the high state at
t = iT, two opposite forces act on A;. As a > 1, A
moves preferably towards the left. This motion inhibits the
force between A; and P;. Consequently, :17(1)3 = an and
r{ = —aV?. On the other hand, P, remains in the position
2P = 0. During the following steps, the same process occurs
until the information reaches the last element.

The two cases depicted above (cf. Fig. 3 and 4) can be
regarded as an example of transmission of two distinct logic
states. The state 1 is associated to a displacement of active
combs toward the right, and passive combs toward the left.

The state ”0” implies the opposite behaviour. Because the
logic state is maintained during its propagation, the chain
can be regarded as a cascade of four buffer gates forming
a synchronous pipeline.

D. Examples of OR, AND and NOT gates

An OR gate with two inputs can easily be deduced from
the previous design. To do so, one can design a comb coupled
with two neighbours on the left, and one on the right. Figure
5 depicts an implementation of such OR gate, were the logic
function is performed by P;. In this circuit, P; can be attracted
and brought in a ”1” state by A; or A}. But if both inputs are
in a 70 state, P, is only attracted by A, and a 0" state is
transmitted.

Only few geometrical changes are required in order to create
an AND gate from the OR gate. This can be achieved by
introducing an initial overlap between P; and A, denoted x
(cf. Fig. 5). With this design, when z¥ = z4' = 0, the overlap
between P; and A, equals xg. Let us now determine the values
of xy which lead to an AND gate. At time ¢t = 0.57, V; = Vy,
and V5 = 0. The total electrostatic force applied on P; then
writes:

FP(t = 0.5T) = —V2, (H(a:A — Py H(@d - xf’))

Depending on the inputs, P, can access to three positions:
0 (case of 700 inputs), —Vd2d (case of ”01” or ”10” inputs)

r —2Vd2d (case of 117 inputs). Afterwards, V, starts to rise
(t > 0.5T") and three cases must be considered:

e 0 < zp < Vgg: Only one input (A; or A}) is required
to disengage P; from A,, which then collapses with Ps.
This corresponds to a ”1” logic state, so the gate is an
OR gate.

o Via < 29 < 2Vgq: As both input (A; and A}) are
required to disengage P; from A,, the gate behaves as
an AND gate.

e xg > 2Vy4: No matter the states of A; and A] are, there
is always an overlap between P; and A,. The gate always
pass a "0 state, regardless of the inputs.

Hence, two different logic gates can be achieved only by
adjusting .

To illustrate the versatility of EMAC, we now examine
the case of an inverter (NOT) gate. An inverter can be
obtained by the addition of a mechanical link between two
adjacent P and A combs (A; and P; in Fig. 5). The link
holds the condition x{' = x¥. As it must not create an
electric contact between the combs, the link must be insulating.
Such particular MEMS devices have been discussed in earlier
works on capacitive adiabatic logic [17], [18]. In addition,
the possibility of creating a insulating mechanical link on a
comb-drive device has been demonstrated [23]. The drawback
of this approach comes from the complexity of the fabrication
process to create this insulating link. To overcome this issue,
an electrostatic link could be achieved using a specific type
of comb-drive actuators; this will be the subject of a separate
study.
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Fig. 5. Schematics depicting a possible layout for an electromechanical OR
(top), AND (middle) or NOT gates (bottom). These functions are achieved
by the pair of combs surrounded in dashed green. Gates are surrounded by
buffers in order to show how to connect them. The grey square in the NOT
gate stands for a insulating mechanical link between A; and P;.

III. DYNAMICAL SIMULATIONS

In this section, the dynamical features of the system (e.g.
inertia, damping, currents) are no longer neglected. Using the
reduced set of units presented above, the differential equation
describing the mechanical motion of a comb ¢ writes:

2

where F; refers to the total electrostatic force, and () to the
mechanical quality factor. Electrical features must also be
considered. The current ¢; provided by the voltage source V;
is given by:

_ 1 [%‘(t) (12)

"SRG i(t)}

where C; is the equivalent capacitance of the comb-drive A;
(cf. Fig. 2).

Ci=Cii +Ciipa

The quantity ¢; refers to the amount of electric charges
stored in the equivalent capacitor C;. Assuming that all the
capacitors are discharged at time ¢ = 0, ¢; can be calculated
by integrating the current over the time:

t
qi(t):/ iidt
0

Note that the differential equation of the RC circuit in Figure
2 cannot be established, since C; varies over the time.

Equations (11) and (12) need to be solved for each pair of
combs in order to describe the dynamic of the system. In the
following, we do so numerically for the circuit with an AND
gate pictured in Figure 5.

Ai+1
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Fig. 6. Top: Representation of the complementary comb-drives employed
for the simulations below. Middle: configuration corresponding to a ”0” logic
state, where A; shifts on the left and P; on the right. Down: configuration
corresponding to a ”1” logic state, where A; shifts on the right and P; on
the left.

A. Complementary comb-drives

In dynamical simulations, the simple comb-drive model
considered above (cf. eq. (1) and (2)) cannot provide a stable
behaviour. The main issue arises from the fact that each active
comb tends to attract the two neighbouring passive combs
simultaneously, instead of only one of them. Consequently,
logic states 17 are switched in states ”0” by mistake. Fur-
thermore, an electrostatic force also exists when there is no
overlap between the combs, due to the stray electric field. This
parasitic force affects the proper functioning of the system. To
overcome this limitation, we use more complex comb-drives
with the geometry depicted in Figure 6. For a pair of combs
1, capacitance and electrostatic force become:

Cii =2z —ab) (o= (a+1)H(zf — xfl))

%

13)

Fi=(a—(a+)H@l — ) V? (14)

In this complementary geometry, repulsive (F;; < 0) or
attractive (F;; > 0) forces can exist depending on the
positions ! and zF. This is rather different than the case
of the simple combs in Figure 1, where only attractive or zero
force exists. The benefit of this structure comes from the fact
that A; is able to hold both P;_; and P; during all the power
clock pulse V;. This is verified for both logic states 0" and
”1” (cf. Fig. 6). This is in strong contrast with the initial case,
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Fig. 7. Representation of an AND gate (top) and an OR gate (bottom), for

inputs in a configuration ”1-0”. The AND gate shows an output ”0” whereas

the OR gate shows an output ”1”. These gates differ simply by the ratio of

fingers n1 and no (—; < 1 for the AND gate, —; > 1 for the OR gate).
n n

where A; can only hold P;_; for a ”0” state, or P; for a ’1”
state.

B. AND gate

In order to create an AND gate, two active combs (cor-
responding to the inputs) must be placed in the vicinity of
a passive comb, as depicted in Figure 5. The input signals
correspond to voltages Vj and V{ applied to Ay and Aj. We
remind that they need to be synchronised with the power
clocks signals. Figure 8 presents the results of dynamical
simulations performed on the circuit with the AND gate in
Fig. 5, using complementary comb-drives. The output signal
is recovered in the position of the last comb-drive x. Note
that the output signal could also be recovered in As, P» or As.
We emphasise that this signal is not affected by the number
of buffers gates positioned after and before the gate. However,
each gate introduces a delay about iT, where 7' is the driving
period of time. Consequently, in this circuit the output is
delayed by %T with respect to the inputs signal. The graphs in
Figure 8 show that the output signal 24 is positive when both
inputs Vp(t) and Vi (t) are simultaneously high, and negative
otherwise. Therefore, this circuits behaves as an AND gate.

We now discuss the values of the free parameters used for

this simulation:
e o In order to have a motion for inputs in 70" state, an
asymmetry is required. Thus, we chose a = %/ = 1.2,
but this parameter is not critical. In order to transmit a
”0” state, we only need to have o > 1. If fringing field

effects are neglected, there is no upper limit on «, as
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Fig. 8. Electromechanical simulations of an AND gate, surrounded by buffers.
The physical quantities are dimensionless, since a reduced set of units has been
employed.

the force vanishes for negative combs overlaps. However,
considering the fringing fields leads to an upper limit on
«, over which 717 state are converted in 70 states.

e R: This resistor is depicted in Figure 2 and models the
interconnections between the power clocks and the elec-
tromechanical device. Its value only affects the energy
dissipation of the system, which will be discussed in the
next paragraph. For these simulations, R was set to 1074,
corresponding to few megaohms in SI units (see §III-D).

e T: The time period of the signals is critical. It 7T is
too small, the mechanical system cannot respond to the
electrical excitation. Consequently, only a weak motion
occurs. In our case, the system works properly from
T > 400. The graph in Figure 8 was obtained for
T = 500.

o (Q: The quality factor of comb-drive actuators ranges from
3 to 200 depending on many factors (design, material,
pressure, frequency...) [23], [24]. Here, @ was set to 10,
although the circuit works for @) ranging from 0.3 to 20.
Higher ) requires greater 7" in order for the circuit to
work properly.

The energetic aspects of the problem are discussed below.

C. Power dissipation

Earlier works suggests that logical operations could be
performed on a micro-electromechanical cantilever with an
amount of energy in the same order than the Landauer limit
[25]. This question is addressed here in the case of EMAC.
With the model presented above, the power provided by the
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Fig. 9. Dissipation per operation caused by mechanical damping and Joule
effect, with respect to the operating frequency, for the circuit with the AND
gate.

voltages sources V; (inputs and power clocks) is dissipated
only by mechanical damping and Joule effect. Damping within
the springs is then neglected. The instantaneous dissipated
energies Fp(t) and E;(t) write:

N t
1 0x;
Ep(t) = /— dt
p(t) Eio Qo

M t
E;(t) :Z/O Ri2dt
i=0

where N refers to the total number of combs, and M to the
number of active combs only. Figure 8 depicts the evolution of
losses during the operation of the AND gate, for a time period
about 7' = 500. With the parameters chosen here (Q=10,
R = 10~*), the damping loss is ten times higher than the
resistive loss. However, this ratio is not intrinsic to EMAC, but
rather fixed by the values chosen for () and R. Experimentally,
these parameters will be determined by the technology used
for building the logic gates.

In order for EMAC to be suitable for adiabatic operation, the
power consumption of the circuit must decrease proportionally
to the operating frequency. This question is addressed here in
the case of the AND gate presented above. We look over the
average Joule and damping losses of one active comb-drive
after one clock cycle, for different time periods 7. In order
to estimate these energies, we divide the losses encountered
during all the simulation by the number of cycles (ten here)
and by the number of active comb-drives (here six). For the
simulation in Figure 8, this leads to:

15)

op __

D76 x10 6 x 10

Ep(10T) and ET = E;(10T)

Figure 9 depicts the dissipation per operation E7) and E’
with respect to 7, for T' ranging over four decades. There is
no point above # = 2.5.1073 because the system requires
under this value, the electrical time period becomes too close
to the mechanical relaxation time. However, the driving time

1
1
a time period greater than 400 in order to work properly;
period has no upper limit. Figure 9 reveals that both dissipation

decrease when the system is driven slower, following a %
law. Therefore, one could conclude that the dissipation per
operation vanishes for infinitely slow frequencies, as expected

for an adiabatic system.

D. Numerical application

These results are presented in reduced units in order to
generalise them. This paragraph aims to estimate the energy
per operation one could expect for a realistic device. The case
of the comb-drive actuator presented by Takahashi et al. is
considered. Using E-beam lithography, the authors made a
comb-drive actuator with the following properties [26]:

o Air gap between the fingers: g = 350 nm

o Springs stiffness: £ = 0.11 N.m~!

e Resonance frequency of the first mechanical mode:
fres = 132 kHz

« uniform thickness: ¢ = 260 nm

« number of fingers: n = 20

These parameters allow to convert our simulations in SI units,
using the relations in §II-B. The characteristic time unit is
about Ty = 1.2 us. The AND gate presented in this paper
works when the power clock period is greater than 4007, =
50 ps. This leads to a maximum frequency of operation of 20
kHz. The voltage unit is Vp=5.5 V, a value compatible with
common IC integration technologies. The resistance of 10~4
in reduced units correspond to 2.6 M2 in this system.

Finally, the relations of §II-B lead to an energy unit Fy =
kg? = 13 fJ. From the graph in Figure 9, one can expect from
the AND gate an energy per operation about 260 aJ when
operated at 20 kHz. According to adiabatic principle, this value
can be arbitrary lowered by reducing the operating frequency.
As an example, at 1 kHz the energy per operation becomes 13
aJ. This energy can further be reduced by decreasing the size
of the system. As the energy scales in g2, dividing the gap by
ten reduces the energy per operation by a factor of 100.

IV. CMOS INTERFACING

EMAC must allow integration with conventional CMOS cir-
cuits. An example of such integration is pictured in Figure 10.
With the actuator of Takahashi et al., the typical capacitance
Cy is extremely weak, in the order of the fF. This is in the same
order than the gate capacitance of a typical FET transistor.
Consequently, feeding the input active comb-drive Ay with a
FET should not rise any difficulty.

More problematic is the conversion of the mechanical output
in electrical signal. To this purpose, a MEMS switch could be
used in order to create an electric contact between the last
power clock and the gate of an output FET (see Fig. 10).
Howeyver, this solution causes a non-adiabatic loss inherent to
the mechanical contact; but this loss exists only in the output,
regardless of the size of the EMAC circuit. The coupling
between Ay and the output FET could also be made by with
a supplementary variable comb-drive capacitor.
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Fig. 10. Illustration of the interface between a MEMS circuit and a FET.
The input comb Ay is directly connected to the source of the input FET. The
output active comb A triggers a nano-relay which connects the last power
clock Vv to the gate of the output FET. The mechanical 1" is then converted
to an electrical high state.

V. CONCLUSION

In this paper, we introduced a new paradigm for low-energy
computation, in which information is encoded mechanically
instead of electrically. In this approach, MEMS comb-drive
actuators are used for transmitting and processing information.
Thanks to their linearity and the absence of leakage currents,
comb-drive actuators are compatible with adiabatic operation.
We show how these actuators can be arranged and cascaded in
order to realise buffer gates, inverters, and the combinational
functions AND and OR. Adiabatic operation of a leakage-free
circuit leads to a significant reduction of the power dissipated
per operation; but this energy saving is obtained at the expense
of the speed of the circuit. With a realistic device, one could
expect an energy per operation in the order of the attojoule.
This is only three orders of magnitude above the Landauer
limit for irreversible computation (3 zJ at 300 K). The main
dissipation source in EMAC might be the energy loss caused
by the mechanical damping.
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