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Design and Demonstration of MEM Relay-Based
Arithmetic and Sequential Circuit Blocks

Ren Li , Student Member, IEEE, and Hossein Fariborzi , Member, IEEE

Abstract— The Internet of Things (IoT) has become more
prevalent in recent years and is an integral part of every-
day life. Thus, the need for ultralow-power sensors and
processing units has dramatically increased. The continu-
ous scaling of CMOS transistors has resulted in more severe
subthreshold leakage and high power density issues.
In recent years, microelectromechanical (MEM) relays have
attracted research interests. They are viewed as promising
beyond-CMOS candidates due to their nonleaking prop-
erty and abrupt switch ON/OFF characteristics. This arti-
cle presents the design and characterization of a few
core relay-based digital blocks, including an adder and
a D-latch. While the mechanical movement of relays makes
them inherently slower than transistors, we show that the
scaled 32-bit relay adder offers 60 times less energy per
operation than its CMOS counterpart in 40-nm technol-
ogy. This makes the proposed relay circuits particularly
appealing to applications with stringent demand on energy
efficiency and moderate performance requirements, such
as remote sensors, wearable accessories, and implantable
biomedical devices.

Index Terms— Adders, electromechanical computing,
latch, low-power electronics, microelectromechanical sys-
tems (MEMS), MEM relay.

I. INTRODUCTION

THE integrated circuits (IC) industry has been dominated
by the CMOS technology over the past few decades. The

constant scaling of CMOS transistors, predicted by Moore’s
law, has propelled the chip industry toward making ICs with
higher device density, performance, and circuit complexity.
However, the current scaling trend is facing fundamental phys-
ical and economic limitations. The most significant roadblock
is related to the exacerbation of the subthreshold leakage,
which has brought about high power consumption per unit
area of the chip, especially in digital circuits.

In recent years, various designs of microelectromechanical
(MEM) relays have been proposed [1]–[6]. Relays have
attracted research interests due to their zero subthreshold
leakage property [7], [8], steep turn on/off characteristics [9],
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Fig. 1. (a) Schematic of the 4T relay. (b) Detailed illustration on the beam
geometries and the gaps between the beam and side electrodes.

the potential of hybridization with CMOS transis-
tors [10], [11], and compatibility with CMOS back-end-of-line
(BEOL) metal layers [12]. Although various generations of the
relay devices have been studied extensively and some basic
circuits have also been proposed, there is limited experimental
demonstration in the literature on some fundamental logic
blocks, such as adders and sequential circuits. In this work,
we present the characterization results of fabricated MEM
relays, and for the first time, we study the effect of clock
frequency over lifetime and experimentally verify the tuning
of the mechanical delay. We also present the design and
experimental demonstration of a relay-based adder, D-latch,
and energy consumption of relay adder over switching speed.

The remainder of this article is organized as follows. The
relay structure, operation principle, device characterization,
and thermal and endurance tests are introduced in Section II.
Section III explains the relay-based circuit designs, including
the adder’s sum and output carry, D-latch, and their measure-
ment results. In Section IV, the mechanical delay tuning and
the tradeoff between speed and energy are studied. Adder
circuit results are discussed, analyzed, and compared with
CMOS and MEM resonator designs. A concluding summary
is presented in Section V.

II. DEVICE STRUCTURE, OPERATION,
CHARACTERIZATION, AND THERMAL

AND ENDURANCE TESTS

A. Device Structure

As shown in Fig. 1(a), the MEM relay is a four-terminal
(4T) device. Similar to the CMOS transistor convention, the
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TABLE I
GEOMETRIES AND PHYSICAL PROPERTIES OF THE RELAY

terminals of the relay are named drain (D), gate (G), body (B),
and source (S).

The relay features a laterally actuated cantilever beam
anchored at one end, acting as the source, and three fixed side
electrodes, namely the drain, gate, and body. The drain is used
as a contact for passing current, the gate is used for actuation,
and the body is used for providing a constant dc bias to reduce
the effective turn-on threshold voltage of the relay. The body
can also be considered as a second gate. A zoomed-in view
showing more details on the beam dimensions and the gaps
between the beam and electrodes can be found in Fig. 1(b).

Table I lists the device parameters and material properties
of the relay structure. The actuation gap between the gate
and the beam, gGS, is designed to be larger than the contact
gap, gDS, to ensure the correct operation of the relay as the
contact should only happen between the source and the drain
electrode.

B. Device Operation

The relay is operated by electrostatic force (Fe) between the
beam and the lateral electrodes. When a voltage difference
exists between them, Fe is generated, and the beam bends
toward the drain. As the beam starts to bend, an opposing
spring restoring force (Fs) is formed. As the gap between the
beam and the drain decreases, at a certain point, Fe increases
faster than Fs ; this forms a positive feedback loop, which
results in the beam snapping onto the drain, known as
“Pull-in.” The gate voltage at this point is referred to as VPI.

When the device is pulled in, a contact force (Fc) exists
on the contact surface between the beam and the drain [13],
in the same direction as Fe. When reducing the gate voltage,
Fe decreases, and provided that the combination of Fe and Fc

becomes smaller than Fs , the spring restoring force will break
the contact, and the beam returns to its original position. This
is known as “Pull-out”; the corresponding gate voltage at this
point is called VPO. To prevent the device from getting stuck
due to the prominence of the contact force, we minimized the
contact area such that it resembles a dimple.

C. Device Characterization

The relay is fabricated using the SOI-MUMPs process by
MEMSCAP [14]. The minimum feature size is 2 μm, and the

Fig. 2. SEM image of the relay. The zoomed-in images show the contact
area details at the tip and the gaps between beam and electrodes.

device layer thickness is 25 μm. Fig. 2 shows an SEM image
of the fabricated 4T relay, and the terminals are labeled on the
pads. Dummy structures were placed on the other side of the
beam for better release results; though there are imperfections
on the sidewalls after RIE (reactive ion etching), it is rather
common in microfabrication, and it can be further improved
by utilizing more advanced foundry. Zoomed-in images show
details at the tip and gaps between the beam and the electrodes.

The characterization was done with a Keysight B1500A
semiconductor device analyzer under standard atmospheric
pressure. Four SMUs (source/monitor unit) are used for pull-in
and pull-out analysis. Waveform generator/fast measurement
unit (WGFMU) module and a dc power supply are used for
mechanical delay measurement.

Fig. 3 shows the pull-in and pull-out characteristics of the
fabricated relay. It pulls in at 10.6 V and pulls out at 4.2 V,
with the drain, body, and source biased at 10, −40, and 0 V,
respectively. The negative dc bias on the body helps to reduce
the pull-in voltage by providing an additional electrostatic
force on the beam. It makes the beam bending toward the
contact electrode even before the gate signal is applied,
resulting in a small turn-on voltage and a relatively soft contact
when the beam pulls in. Current compliance of 100 nA is used
for measurements to prevent stiction. The contact resistance
of the relay turned out to be around 10–15 K� based on the
measurement results. This high resistance is mainly due to the
small contact area caused by the surface roughness [15], also
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Fig. 3. Measured results of the relay pull-in and pull-out.

Fig. 4. Measured results of the relay mechanical delay. Source current
compliance is set as 1 µA on the semiconductor device analyzer.

the use of doped silicon as the active device layer instead of
metal due to the fabrication foundry limitations. These will be
taken into consideration in future designs.

To measure mechanical delay (tM), a pulse generated from
Channel 1 of the WGFMU is applied to the gate, and
Channel 2 is used to bias the drain at 10 V. Time difference
between the gate input voltage and the source output current
low-to-high transitions is considered as the mechanical delay.
Due to the limitation on the maximum output voltage of
WGFMU, the body is biased at −50 V to accommodate
this. The measured mechanical delay of the relay is 19.5 μs,
as shown in Fig. 4.

D. Thermal and Endurance Tests

The thermal study of the relay characteristics is presented
in Fig. 5. We study the relay operation under different
ambient temperatures with measured results of relay pull-in
and -out voltages. Since the relay structures only consist of
one material, they are robust against the thermal stress effect,
as pointed out in [16] and [17].

The primary cause of relay contact failure is the Joule
heating-induced stiction or welding. Conventionally, the test
on relay lifetime is performed on a fixed clock frequency;

Fig. 5. Relay operation under different ambient temperatures.

Fig. 6. Measured results of the relay lifetime over different clock
frequencies.

however, since the heating is related to the amount of time
that relay is making contact, it is worth looking into the
effect on switching speed over the lifetime. Here, in this work,
we performed the endurance test on various clock frequencies
using the Keysight 33210A pulse generator, and the tests
were done in a hot switching condition under air ambient and
room temperature. Fig. 6 shows that the slower clock speed
results in more Joule heating due to the longer contact time,
which gives an incentive for further device scaling for faster
operations and a longer lifetime. The lifetime of the fabricated
relay is approximately 200 million cycles, and this number
could be further increased by designing the beam structure
with an opening window for a softer landing, as indicated
in [18]. Moreover, coating the beam with different materials
and operating it under various environments can also extend
the lifetime, as pointed out in [19] and [20]. A recent work [21]
further demonstrated using the adhesion force as the contact
force, which leads to a newer look at the adhesion force and
the stiction issue of the relays.

III. RELAY CIRCUITS DESIGN AND DEMONSTRATION

In any IC chip, both arithmetic and sequential circuits are
required to make the system useful. This section introduces
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Fig. 7. Schematics of the relay (a) adder sum, (b) adder carry-out, and
(c) D-latch circuitry, and the truth table of (d) full adder and (e) D-latch.

the design of the relay-based full adder, D-latch, and their
demonstration.

A. Relay Circuits Design

Lying on the core of digital computation, adders are exten-
sively used for the addition, subtraction, and multiplication of
numbers [22]. A full adder has three inputs: A, B , and Cin

(carry-in) and two outputs: S (sum) and Cout (carry-out). The
output expressions are listed as follows:

S = A ⊕ B ⊕ Cin

Cout = G + P • Cin

where G = A • B stands for generation, P = A ⊕ B denotes
propagation, and K = A • B represents kill.

The implementation of the above expressions using relays is
shown in Fig. 7(a) and (b). During operation, S gets connected
to Cin or C in, based on the validity of A and B . Cin propagates
to Cout if P is valid, and Cout connects to VDD (or GND)
if G (or K ) is true. In this way, we design the relay full
adder with only 16 devices compared to 28 in the traditional
CMOS mirror adder [23]. Note that the relay used in the adder
designs is a three-terminal device, which is the same device
in Fig. 1(a) with gate and body terminals shorted.

Fig. 7(c) shows the relay-based D-latch. It follows the
idea of the C2MOS logic [23]; however, unlike the CMOS
transistors design, the relay latch makes use of the input D
and its complement to have the output Q as a copy of the input.
It is essentially a clocked buffer. When CLK is low, the output
holds its value, and when CLK becomes high, the circuit is in
evaluation mode and the input D is presented at the output.

Fig. 8. (a) Terminal arrangements and (b) measurement setup for the
relay adder-sum circuit.

Fig. 7(d) and (e) shows the truth table of the full adder and
D-latch, respectively.

By using the relay logic introduced in [24] and arranging
the gate driving signals such that they arrive at gate terminals
simultaneously, the output of the relay circuits proposed in
this work will be valid after only one mechanical delay when
inputs are valid.

B. Experimental Demonstration

Fig. 8 shows the experimental setup for measuring
the relay-based circuits. Fig. 8(a) shows terminal arrange-
ments for the sum bit of the adder as an exam-
ple. The measurement setup is shown in Fig. 8(b). The
inputs of the relay circuits are generated and synchro-
nized separately using an external circuitry, which con-
sists of BJTs, resistors, and an Arduino Mega 2650 board.
An oscilloscope is used to monitor the output signal,
synched with up to three additional input signals. Note that
a 100-pF capacitor is used in the output of the latch for storing
the signal.

The measured results are plotted in Fig. 9. Fig. 9(a) shows
the adder results, and Fig. 9(b) shows the D-latch results, ver-
ifying the correct functionality of the circuits with a different
combination of inputs.

The measurement of energy consumption is done using
Keysight B2987A Electrometer, Keysight 16442B Text fixture,
and the abovementioned external driving circuitry. We ensu-
red that the current measured by the electrometer is the
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Fig. 9. Measured results of (a) full adder and (b) D-latch circuit.

current flow between the 1-V power supply and the sum
(or carry-out) output by connecting the force pin to the
1-V power supply, guard pin to the sum (or carry-out) pad,
and the ground pin to the Earth ground. Then, the measured
current flow was multiplied by VDD and integrated over time
to obtain the energy consumed by the relay circuits.

IV. DISCUSSION

It is worth discussing the advantages and limitations of
building logic circuits using MEM relays. Since the nature of
relay operation is mechanical, relays are intrinsically slower
than transistors; however, the nonleaking property makes them
more energy efficient. This section will further investigate the
aspects of mechanical delay and energy efficiency, including
how the mechanical delay of the relay can be tuned and
how the energy consumption varies based on operating speed.
To the best of the authors’ knowledge, this article serves as
the first experimental verification on relay mechanical delay
tuning and report on the tradeoff between energy consumption
and clock speed. This section concludes with a comparison
between the proposed relay work, prior art, and their CMOS
and MEM resonator implementations in terms of area, device
count, delay, and energy consumption per operation.

Fig. 10. Measured results of the relay mechanical delay with different
gate input values and verification with the theoretical model.

A. Tuning the Mechanical Delay and the Tradeoff
Between Speed and Energy

The pull-in behavior is governed by Newton’s second law
of motion, which can be expressed as follows:

mẍ + bẋ + kx = ε0 · AOV · V 2
G

2(gGS − x)2 (1)

where m is the effective mass, b is the damping coefficient,
k is the effective spring constant of the cantilever beam, ε0 is
the air permittivity constant, AOV is the overlap area between
the beam and actuation electrodes, and gGS is the initial gap
between the beam and the gate electrode.

The mechanical delay is inversely proportional to
(m/k)1/2 × VG , as discussed in [25]. An approximate solution
using (1), as introduced in [26], can be expressed as follows:

tM ≈ α

√
m

k

(
gDS

gGS

)γ (
VG

VPI
− χ

)−β

(2)

where α, β, and γ are parameters that depend on mechanical
quality factor QM , whose expression can be found in [27].
χ is approximated as a constant. Note that the body and gate
are biased together with the same pulse to study the effect on
actuation voltage over mechanical delay without any additional
dc bias on the beam.

With source voltage fixed at −15 V and drain biased at 10 V,
by adjusting the gate pulse maximum voltage values, we obtain
a relationship between VG and tM , as plotted in Fig. 10,
along with the results from the theoretical model in (2). The
measured results match the theory well, indicating that the
mechanical delay can be tuned by the input voltage, and there
can be a tradeoff between speed and energy. For a better
performance up to 95 kHz, increasing the gate voltage can
result in faster pull-in: tM = 10.5 μs when VG = 10 V,
whereas low input voltage (2.7 V) can save the switching
energy roughly up to more than 70% compared to its nominal
value (10 V), though it results in a slower operating speed.

We further studied the tradeoff between speed and energy
consumption on the adder circuit, as shown in Fig. 11. The
operating voltages are kept the same, and the clock frequency
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Fig. 11. Measured results of the relay adder energy per operation over
clock speed.

TABLE II
COMPARISON OF MEM RELAY-, MEM RESONATOR-,

AND CMOS-BASED 32-BIT ADDERS

range was limited by the PWM output speed of the Arduino
board and the current settling time of the electrometer. Based
on the figure, one can tell that the energy per operation of
the relay circuit decreases with the clock speed. The energy
consumption can be improved by more than two orders of
magnitude when operating the circuit faster, indicating the
benefit of device scaling in the future.

B. Comparison of Relay and CMOS Implementations

Within the electromechanical computing domain, it is worth
mentioning that another promising method using microbeams
is MEM resonator-based logic; as pointed out in [28] and [29],
the energy per operation of the logic gates is in the tens of
pJ range, and the scaled resonator-based full adder consumes
tens of fJ per operation.

A comparison between the relay circuits and their CMOS
counterpart is summarized in Table II. We simulated the per-
formance of the scaled device using Coventor MEMS+ [30],
a commercial finite element modeling tool. We also compared
the NEM relay work with MEM resonator-based adder for a
thorough comparison. The CMOS simulation was done using
40-nm technology library standard transistors [31], and the
adder used for comparison is a ripple-carry style adder.

The energy consumption of the relay circuits mainly comes
from the intrinsic capacitance between the beam and actuation

electrodes. Also, parasitic capacitances, including the capac-
itance between probe tip and pad and on-chip wire routing,
are both adding energy consumption to the total value. The
switching energy consumption of a relay, as introduced in [32],
can be expressed as follows:

Es = aavg

[
ε0 · AOV

g − gGS
(1 + r) + C

]
V 2

DD (3)

where aavg is the average activity factor, r is an area propor-
tionality factor, and C is the parasitic capacitance.

If scaling the relay to have the same feature size as the
transistor [32], based on (3), the energy consumption of the
32-bit relay adder is approximately 60 times smaller than its
CMOS counterpart [31] and 80% smaller than state-of-the-
art NEM relay work [3]. Moreover, relay circuits only bear
one mechanical delay from input to output. Although they
are inevitably slower than CMOS circuits, the difference gets
smaller when relays are scaled, and the circuit complexity
becomes higher.

The relay adder uses 43% fewer devices than CMOS
circuits, but the total area is larger since each device is large.
However, if implemented on the BEOL layers [33], relay cir-
cuits will not consume any valuable front-end-of-line (FEOL)
chip area at all, and this mitigates the large device footprint
property of the relays. Furthermore, by utilizing the metal and
VIA (vertical interconnect access) layers, we can design a
further miniaturized BEOL relay [34] that can be actuated
with a much smaller voltage (around 2 V) and incur a much
smaller mechanical delay (less than 20 ns), enabling MHz
operation. Another unique characteristic of the relay work is
that the relay circuits use much fewer devices than the CMOS
counterpart, which also partially compensates for the larger
size of individual relays. The relay-based 4-bit digital-to-
analog converter (DAC) and analog-to-digital converter (ADC)
use 84 and 116 relays, respectively [34], while the CMOS
implementations use 160 and 343 transistors, respectively.
As the circuit gets more complex, the saving on the device
count becomes more prominent. A 16-bit relay multiplier [7]
uses 1683 devices, while the CMOS implementation would
need 7014 transistors.

V. CONCLUSION

This article presents the design, characterization, and tuning
of the operation speed for a MEM relay. We also inves-
tigated the temperature dependence and endurance of the
devices under different operational conditions. In addition,
a relay-based adder and a D-latch are experimentally demon-
strated and benchmarked with CMOS counterparts. While
the mechanical movement makes relay circuits inevitably
slower than electrically switched CMOS circuits, we show
that multibit adders built with the scaled relay can improve
the energy per operation by 60 times compared to CMOS
design. Therefore, the relay-based circuits can be considered
a viable alternative for applications that require ultralow power
consumption, with a low-to-moderate clock frequency, such as
wireless sensor networks in remote areas, biomedical sensors,
and implantable devices.
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