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Single-Electron Majority Logic Circuits
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SUMMARY This paper proposes an architecture for circuit
construction for developing single-electron integrated circuits
based on majority logic. The majority logic gate circuit pro-
posed consists of a capacitor array for input summation and a
single-electron inverter for threshold operation. It accepts an odd
number of inputs and produces the corresponding output on the
basis of the principle of majority decision; it produces an output
of logic “1” if the majority of the inputs is 1, and an output
of “0” if the majority is 0. By combining the proposed major-
ity gate circuits, various subsystems can be constructed with a
smaller number of devices than that of Boolean-based construc-
tion. An adder and a parity generator are designed as examples.
It is shown by computer simulation that the designed subsys-
tems produce the correct logic operations. The operation error
induced by thermal agitation is also estimated.

key words:  single electron majority logic, threshold logic, gate,
circuit, thermal noise

1. Introduction

One of the promising areas of research in microelec-
tronics is the development of integrated circuits based
on single-carrier electronics. For this purpose, we must
create a single-electron logic device that can be used in
constructing large digital processing systems. This pa-
per proposes such a new logic device: namely, a single-
electron majority logic circuit.

Single-carrier electronics is a technology for manip-
ulating electronic functions by controlling the transport
of individual electrons, utilizing the single-electron tun-
neling phenomenon. It has been receiving increasing
attention because it affords the possibility of produc-
ing LSIs that combine large integration and low power
dissipation. To take steps towards this goal, we must
develop digital devices that can perform complex and
high-level logic operations through the use of single
electrons. In this paper, we will propose constructing
such a device: that is, a single-electron digital circuit
that is based on the concept of majority logic.

The majority logic method is a way of implement-
ing digital operations in a manner different from that of
Boolean logic. Instead of using Boolean logic operators
(AND, OR, and their complements), majority logic rep-
resents and manipulates digital functions on the basis
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of the principle of majority decision. The logic process
of majority logic is much more sophisticated than that
of Boolean logics; consequently, majority logic is more
powerful for implementing a given digital function with
a smaller number of devices.

The prospects for future applications of majority
logic are wholly dependent on whether a logic device
is feasible that is suitable for majority logic operation.
In the late 1950’s, several computer systems based on
the majority logic architecture were developed and con-
structed for practical use, by using a functional device
called the parametron (a majority logic device that uti-
lizes the phenomenon of parametric phase-locked os-
cillation). After that, however, majority logic had to
leave the stage, because the CMOS circuit — a natural
Boolean logic device — came to be a dominant device
in electronics. But majority logic can be expected to
make a comeback with the advent of single-carrier elec-
tronics because, as described later, the single-electron
circuit will provide excellent and elegant devices for ma-
jority logic systems.

In the following sections, we propose that major-
ity logic is a suitable architecture for constructing digi-
tal logic systems from single-electron circuits. We will
first propose a gate-circuit structure for implementing
the unit function required for majority logic operation.
Then we will discuss the issues that require attention in
determining the parameters of the proposed gate circuit
(Sect.2). After that we will design two sample subsys-
tems (an adder and a parity generator) by combining
the gate circuits, and will show by computer simula-
tion that the designed subsystems produce the correct
operations (Sect.3). The operation error induced by
thermal agitation will be estimated (Sect.4). Finally,
we will conclude by suggesting future development in
single-electron majority logic systems.

2. Implementing Majority Logic by Using Single-
Electron Circuits

2.1 Unit Function of Majority Logic

The basic operation or unit function of majority logic
is to decide the output state by a majority vote of input
states. This function is illustrated in Fig.1. The logic
element (a majority gate) has an odd number of binary
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inputs and a binary output (a five-input gate is shown
in Fig. 1 (a)). It produces an output of 1 if the majority
of the inputs is 1, and produces an output of O if the
majority is 0 (solid curve in Fig. 1 (b)); e.g., if the five
iniputs are 1, 0, O, 1, and 1, then the output is 1, and
if the inputs are 1, 0, 1, 0, and 0, then the output is O.
Any digital functions can be implemented by a combi-
nation of the majority gates and inverters. For details of
majority logic, see Refs.[1] and [2]. A three-input gate
suffices for designing any logic system, but if a larger in-
put gate is available, then concise construction of logic
systems will be practicable. In general, three-input and
five-input gates are used.

Illustrated in Fig.1(b) by a dashed curve is the
complementary majority function (the complement of
the unit function above). Every digital function can be
implemented by using only the gates of the complemen-
tary majority function, but it is advisable to use inverters
jointly for designing logic systems concisely.

The majority logic provides a complete and concise
implementation for most functions encountered in logic
design applications. As an example, the implementa-
tion of a single-bit full adder is illustrated in Fig.2. In
this construction, the complementary majority-function
gates are used because the gate circuit that will be
proposed in the next section produces the complemen-
tary function. (In the figure, an inverter is represented
by a segment on a connection branch, according to
precedents in the flow-diagram description for major-
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Fig. 1 Majority gate: (a) a symbol for a majority gate, and (b)
the unit function of majority logic. The solid curve is the unit
function of majority logic, and the dashed curve is the comple-
mentary function. An instance for a five-input gate is illustrated.
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Fig. 2 Single-bit full adder composed of three majority gates
and two inverters. In this construction, each symbol denotes a
complementary function gate. An inverter is represented by a
segment on a connection branch.
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ity logic.) As can be seen, a full adder is composed
of only three gates with two inverters. In contrast, the
Boolean-based implementation requires a larger circuit
construction corresponding to seven or eight gate ele-
ments.

2.2 Constructing a Majority Gate Using Single-
Electron Circuits

The essential function for the majority gate operation
is to ascertain whether the majority of inputs is 1 or 0.
This can be performed by calculating the mean of the
inputs (each input is 1 or 0) and comparing the mean
value with 0.5; if the mean value is larger than 0.5, the
majority can be considered to be 1, and if smaller than
0.5, then the majority can be considered to be 0. One
way of implementing this function into an electronic cir-
cuit is to use the technique of Kirchhoff resistor summa-
tion or that of charge-balancing capacitor summation,
with a threshold device for producing the correspond-
ing 1-0 output. Because the single-electron circuit is
an electronic circuit consisting only of tunnel junctions
and capacitors, it is natural to use the capacitor sum-
mation technique to produce the mean value of inputs.

The majority gate circuit we propose is illustrated
in Fig. 3 (a), with an example of a three-input configura-
tion. It consists of an input capacitor array (six capaci-
tors C) for input summation and an inverter subcircuit
(tunnel junctions Cj; through Cj4 and capacitors Cy
through Cj3) for threshold operation. The circuit accepts
three input voltages V7, Vo, and V3 and produces the
corresponding output voltage V,,:. The configuration
of this circuit is modeled on the single-electron inverter
proposed by Tucker, [3] illustrated in Fig.3(b); that
is, starting with the inverter configuration of Fig. 3 (b),
we divided each of the two input capacitances (Cp in
Fig. 3 (b)) into three equal capacitances, then connected
the divided capacitances (C in Fig. 3 (a)) to three input
terminals to create the majority gate. The gate input
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(a) Majority gate (b) Inverter

Fig. 3  Single-electron majority gate circuit: (a) the circuit con-
figuration of the majority logic gate, and (b) the Tucker-type
inverter circuit.
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capacitance C' is set at one third of the inverter input
capacitance Cy, that is, C = Cy/3 (other parameters are
set to be the same as those of the original inverter). If
an N-input gate is needed, 2N input capacitors will be
used. The capacitance of each of these is set at 1/N of
the inverter input capacitance (i.e., C = Cy/N).

This gate circuit produces the complementary ma-

jority function as follows. The input nodes P and Q
of the inverter subcircuit are coupled to each input Vi,
Va, or V3 through each input capacitance C, so the po-
tential of each input node is changed in proportion to
the mean value of the inputs. Therefore, if two or three
inputs are 1, the gate circuit is in the same state as that
of an inverter that is applied an input of larger than
0.5, and so the corresponding output will be 0. And if
two or three inputs are 0, the gate state is the same as
the inverter state for an input of smaller than 0.5, so the
output will be 1.
(In actual device construction, a number of parasitic ca-
pacitances will be added to the circuit configuration of
Fig. 3 (a). But for simplicity, we will ignore them in the
following.)

2.3 ‘Determining the Gate-Circuit Parameters

To achieve the correct gate operation, consideration
must be given to the stability of the inverter subcircuit:
that is, the inverter subcircuit has to be designed so that
it will be stable throughout its transfer curve.

As is well known, the single-electron circuit has
many possible internal states and frequently shows un-
stable behavior in which the circuit state, under a given
input, varies constantly between two or more different
states. The unstability can be removed by a careful se-
lection of circuit parameters, but in practice, the unsta-
bility has been left as it is unless it impedes binary logic
applications. As for the inverter circuit, it has been op-
crated in general under conditions such that it has an
unstable region on its transfer curve for intermediate
values of the input (Fig. 4 (a)).

This is not a problem for a binary-logic inverter.
But it is fatal to a majority gate application, because in
the majority gate the inverter subcircuit will frequently
receive an intermediate value of the input. In designing
the majority gate circuit, it is required that the inverter
subcircuit should be stable throughout its transfer curve:
that is, the inverter subcircuit has to have the character-
istic of a step inverter (Fig. 4(b)).

A set of the circuit parameters for creating the
step characteristic can be determined by calculating and
scrutinizing the stability diagram of the circuit, in the
way as described in Ref.[4]. In designing the majority
gate circuit in Fig.3 (a), we first determined the opti-
mum parameter set for the inverter circuit of Fig. 3 (b),
then transcribed the determined parameters for the ma-
jority gate circuit. Several sets of parameters were dis-
covered. A sample set for a three-input majority gate
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Fig. 4 Transfer curve of a single-electron inverter: (a) an ordi-
nary inverter characteristic, and (b) a step inverter characteristic.
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Fig. 5 Transfer curve of the majority gate circuit. Simulated
under the condition of all the three input terminals being ap-
plied the same input voltage. For the circuit parameters, see the
text.

is:
C = 13.F, le = Cj4 = 18.F, ng :Gj3 = 2aF,
Cy=9aF, Cy =9aF, C3 =24 aF, and Vg = 6.5mV.

To show that the step characteristic is established
in the inverter subcircuit, the transfer curve of the gate
circuit is illustrated in Fig. 5, simulated under the con-
dition of all the three input terminals being applied the
same input voltage. A slight hysteresis is observed at
the high-low transition of the transfer curve because the
parameters were determined such that the unstability
for intermediate inputs would definitely be suppressed.
This is not a problem in the present application, and
if necessary, the hysteresis can be removed by adjusting
the parameters more finely. It is worthy of note that,
unlike CMOS inverters, single-electron step inverters do
not produce short-circuit current even for intermediate
values of input. This is quite convenient for low-power
operation.

With the same parameters for the inverter subcir-
cuit, we can construct a five-input majority gate by using
ten input capacitances, each of which is 0.6 aF instead
of 1aF.

3. Subsystem Design Using the Majority Gate Cir-
cuits

Any digital function can be implemented by using the
majority gate (Fig.3(a)) and the inverter (Fig.3(b)).
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Fig. 6 Add operation of the single-bit full adder (simulation).

Plotted are the waveforms of a sum output Sum and a carry
output Cout for the eight input combinations.

(This majority gate is a complementary-function gate,
and therefore suffices for any logic functions. Our use
of the inverters jointly is to simplify circuit construc-
tion.) We here present elemental sample designs of
single-electron majority subsystems (an adder and a par-
ity generator) and show their logic operation by com-
puter simulation. In the simulation we used the Monte
Carlo method combined with the basic equations for
electric-charge distribution, charging energy, and tun-
neling probability (for this method, see Ref.[5]). The
parameters used are the same as those given in Sect. 2.3,
with a tunnel resistance of 100k} for all the tunnel
junctions. The temperature was assumed to be 0K.

3.1 Adder

We first designed the single-bit full adder, illustrated in
Fig.2, using three majority gates and two inverters. A
simulated add operation is summarized in Fig.6. In
this figure the three inputs (adder input A, adder input
B, carry input Cin) are applied in sequence as (000,
001, 010, 011, 100, 101, 110, 111), and the correspond-
ing two outputs (sum output Sum, carry output Cout)
is observed as (00, 10, 10, 01, 10, 01, 01, 11). The suc-
cessful add operation can be seen.

Some explication is needed for the operation speed
of the circuit. Electron tunneling is in general a prob-
abilistic phenomenon, so the operation delay time in a
single-electron circuit is not a fixed value but differs in
each operation event. (In simulation, the probabilistic
characteristic is taken into account by use of random
numbers, and Fig.6 shows the result for a given set of
random numbers.) It is therefore the usual practice for
single-electron circuits to represent the operation speed
by the mean of the operation delay time. We hereafter
follow this practice. In the designed full adder, the
mean add time was 0.3 ns.

We then designed a 4-bit ripple carry adder by com-
bining four full adders into a cascade, as illustrated in
Fig.7. It was confirmed by simulation that the adder
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Adder inputs
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Fig. 7 Construction of a 4-bit ripple carry adder. Each symbol
denotes a complementary function gate. An inverter is repre-
sented by a segment on a connection branch. This adder calcu-
lates the sum of two binary numbers “X3 X2 X1 X0” and “Y3
Y2 Y1 Y0” to produce a sum output “S3 S2 S1 S0” and a carry
output “C3.”
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Fig. 8 Operation of the adder in Fig.7 (simulation). Plotted
are the output waveforms (a sum output Sum and a carry output
Cout) for the add operation of 1111 + 0001.

can operate for all input combinations. [llustrated in
Fig.8 are the output waveforms for the add operation
of 1111 + 0001. In this figure, both of the 4-bit inputs
(an addend and an augend) were initially set at 0000,
then at time = 0, one input was turned to 1111 and the
other to 0001. The operation speed is limited by the
carry delay, and the mean add time for the operation of
1111 4- 0001 was 1.2ns.

3.2 Parity Generator

Parity generation is the function of detecting whether
the number of ones (“1”s) in an input word is odd
or even. Figure 9 illustrates a sample circuit for odd
parity generation of 9-bit inputs (an 8-bit word plus
a parity bit). It was confirmed by simulation that the
circuit produces correct operation for all input combi-
nations. Part of the simulated result is illustrated in
Fig. 10 with the waveforms for the nine input bits and
the output. In this figure, the nine input bits are ap-
plied in sequence as (010111100, 010111101, 010111110,
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Input bits
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Fig. 9  Circuit for an odd parity generator of 9-bit inputs. The
symbol denotes a complementary function gate. An inverter is
represented by a segment on a connection branch.
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Fig. 10  Operation of the parity generator (simulation). Plotted
is the output waveform for the nine inputs applied in sequence
as (010111100, 010111101, 010111110, 010111111, 011000000).

010111111, 011000000), and the corresponding output
is produced as (1, 0, 0, 1, 0). It can be seen that the
circuit produces successfully an output of 1 for an odd
number of ones in the inputs. The mean operation time
in this circuit was 0.8 ns.

4. Operation Error Caused by Thermal Agitation

In designing single-electron circuits, of special concern
are operation errors caused by thermal agitation. The
single electron circuit is designed so that a specific tun-
neling will occur for a given input signal to produce
the correct output. But, when a circuit is operated at
non-zero temperatures, unexpected or unnecessary tun-
nelings can be induced by thermal agitation to produce
operation errors in the circuit.

To characterize thermal error in a single-electron
circuit, we here define two indices, the number of er-
rors and the time ratio of errors. The meanings of the
indices are as follows. Consider a single-electron logic
circuit with its inputs fixed at a given set of 1-0 values.
At zero temperature (0K), the circuit will produce the
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Fig. 11  Simulation result for the MSB output of the adder as a

function of time at a temperature of 0.5 K. The expected sequence
of the output is (0, 1, 0). Thermal noise is conspicuous.

stable output (1 or 0) that corresponds to the given in-
puts. At non-zero temperatures, however, unnecessary
tunnelings are induced irregularly, and consequently the
output of the circuit will produce chattering; that is, at
each event of the unnecessary tunnelings, the output will
show a temporary inversion in its binary value (there-
fore a temporary error in logic output). We call this
event an inversion event. To estimate the degree of op-
eration errors, we observe the circuit output for a fixed
period of time to count the inversion events in the out-
put. The number of errors means the number of times of
inversion events, and the time ratio of errors means the
ratio of a total of the duration of each inversion event
to the observation period.

The frequency of thermal errors can be estimated
analytically for simple circuits composed of a few tun-
nel junctions. But a circuit of greater complexity is
difficult to calculate on paper, so computer simulation
is needed. In the following, we will illustrate the result
of error simulation for the 4-bit adder circuit discussed
in Sect. 3.1.

We first simulated the time dependence of the adder
output for various input combinations and tempera-
tures. ‘A portion of the results is illustrated in Fig. 11.
In this instance, one input for the adder was fixed at
0101 and the other input was applied in sequence as
(0010, 1010, 1110), assuming a temperature of 0.4K.
Illustrated in the figure is the waveform for the most-
significant bit (MSB) of the sum output. The expected
sequence of the MSB output is (0, 1, 0), but owing
to thermal noise, the output is unsettled in practice by
frequent occurrence of inversion events induced by un-
necessary tunnelings. (The other three bits of the sum
output and the bit of the carry output show similar be-
havior to the MSB in respect to thermal noise, so they
are not illustrated here.)

To see the degree of operation error, we calculated
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the two indices (the number of errors and the time ratio
of errors) for the simulation data of the MSB output.
Properly speaking, operation error must be estimated
in consideration of overall adder operation for all pos-
sible input combinations. For simplicity, however, we
will consider here the thermal error only for the MSB
output for a given instance of adder inputs.

We simulated the time dependence of the MSB out-
put for various temperatures, assuming adder inputs of
0101 and 0010. The expectation value of the MSB is 0,
but in practice the MSB output is disturbed frequently
by thermal noise. We calculated the number of errors
and the time ratio of errors by observing the MSB out-
put for 10 ns and measuring the inversion events in the
output. We call this procedure a trial calculation. For
a given value of temperature, we repeated 100 trial cal-
culations for different sets of random numbers and then
calculated the mean value for the trials. In Fig. 12, the
calculated mean value is represented by an open cir-
cle (for the number of errors) and a solid circle (for the
time ratio of errors), where a vertical segment transpierc-
ing the circle indicates the maximum and the minimum
value in the 100 trials. It can be seen that operation er-
ror increases rapidly with increase in temperature. The
frequency of thermal noise depends on circuit param-
eters and the length of time of the observation period,
so we cannot jump to conclusions. Still, we here make
a rough estimation from the figure. First, if we permit
no inversion event, the adder must be operated at 0.2K
or less. Second, if we judge the output logic value from
the average of outputs for a fixed period of time, then
several inversion events are allowable to the extent that

Temperature T (K)

2 1 0.5 0.3
100 T T T T

Number of errors
10 - "\__

Time ratio of errors

0.01 - \
N
5 3

0.001 L L L
0 0.5 1 1.5 2 2.

1T (1/K)

Number of errors, Time ratio of errors

35

Fig. 12 The number of errors and the time ratio of errors in
the MSB output of the adder. Illustrated are the results obtained
by observing the MSB output for 10ns. For details, see the text.
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the time ratio of errors is sufficiently smaller than 0.5.
Therefore the adder can be used at temperatures up to
1 K.

5. Conclusion

As a promising device for constructing integrated cir-
cuits based on single-carrier electronics, we proposed
the single-electron majority logic circuit. The majority
logic method is a way of implementing digital opera-
tions in a manner different from that of Boolean logic,
and can implement a given logic function with a smaller
number of devices.

We first proposed a gate circuit for implementing
the unit function required for majority logic operation.
It consist of a capacitor array for input summation and
a single-electron inverter for threshold operation. The
circuit accepts an odd number of input voltages and
produces the corresponding output voltage on the ba-
sis of the principle of majority decision; it produces an
output of logic “1” (“0”) if the majority of the inputs is
1 (“0”). The issues were also discussed that require at-
tention in determining the parameters of the gate circuit
for achieving correct operation.

To show the possibility of constructing various sub-
systems, we then designed a 4-bit adder and a 9-bit par-
ity generator by combining the proposed gate circuits,
then showed by computer simulation that the designed
subsystems produce the correct logic operations. The
operation error induced by thermal agitation was also
estimated, taking the adder as an example. It was shown
that correct operation can be expected at temperatures
of up to 1 K. We will be able to construct large logic
systems by use of the proposed single-electron majority
logic circuit.

(This work was supported by a Grant-in-Aid for Sci-
entific Research on Priority Areas “Single-electron de-
vices” from the Ministry of Education, Science, Sports
and Culture, and by the Proposal-Based New Industry
Creative Type Technology R&D Promotion Program
from the New Energy and Industrial Technology De-
velopment Organization (NEDO).)
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