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We present a proposal for a one-bit full adder to process classical information based on a few electrons in
a triple quantum dot system, serving as a proof of principle for the development of energy-efficient infor-
mation technologies operating through coherent quantum dynamics. The device works via the repeated
execution of a Fredkin gate implemented through the dynamics of a single time-independent Hamiltonian.

Our proposal uses realistic parameter values and could be implemented on currently available quantum
dot architectures. We compare the estimated energetic costs for operating our full adder with those of
well-known fully classical devices, and we identify a few important factors for the future success of this

technology.
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I. INTRODUCTION

The ever-growing dependence of society on informa-
tion technologies has led to remarkable developments over
the past few decades. Transistor counts in modern pro-
cessing devices have roughly doubled every 2 years, as
empirically described by Moore’s law [1,2], accompa-
nied by similar gains in energy efficiency [3]. However,
this exponential increase in computing power is reach-
ing its limits, as miniaturization is becoming increas-
ingly challenging due to thermal constraints [4] and the
inevitable influence of quantum effects. At the same time,
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recent efficiency gains have been mostly due to architec-
ture and algorithmic optimizations, while transistor effi-
ciency has mostly stagnated since the early 2000s [3,4].
This combination of factors is leading computationally
intensive tasks to take up an increasing amount of the
world’s energy budget [5], accompanied by a similar
growth in their carbon footprint [6]. The energetic cost of
information processing has become one of the key chal-
lenges to be solved by future generations of information
technologies.

Solving these problems may require the development of
alternative computing technologies that are both quantum
compatible [7,8], and prioritize the use of energy-efficient
building blocks. In this work, we explore this idea by
using reversible quantum dynamics to perform classical
information processing. Three-bit logic gates such as the
Fredkin and Toffoli gates are both reversible and univer-
sal for classical computation [9] and could act as building
blocks for a universal classical machine operating locally
through unitary quantum dynamics. The use of logically
reversible building blocks opens up the possibility of
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having a reversible computing machine [10,11], thus
avoiding the potential source of dissipation associated with
bit erasure implied by Landauer’s principle [12].

Our proposal is closely related to quantum computa-
tion, a field that has grown significantly in the last few
decades [13]. To do quantum computation, quantum coher-
ence must be preserved from start to finish, a task that
requires the computing device to be well protected from
errors, in terms of both isolation from the environment and
the robustness of error-correction protocols [14]. While
many implementations of small-scale devices and algo-
rithms have been demonstrated [15,16], including some
preliminary examples of quantum advantage [17,18], these
have been limited to fewer than 100 noisy qubits and
small computation depth. With the current race to achieve
full-scale quantum computation, the development of these
devices has been fast. Nevertheless, scaling up quantum
computing systems is proving to be a challenging problem,
and we are still very far from achieving the qubit numbers
and robustness needed for fault-tolerant quantum compu-
tation [19,20]. As a spin-off technology, quantum-based
classical computing could prove to be an easier task, dif-
fering in two key ways: Firstly, it allows binary logic to be
encoded in quantum states that do not necessarily form a
quantum bit, for example, different charge states in a quan-
tum dot (QD) [21], since there is no need for a coherent
superposition of 0 and 1. Secondly, for an extended com-
putation, quantum coherence is required only at the level
of each individual gate [22], as the relevant information to
be transmitted between gates is entirely classical, and can
be limited to computational basis states. Designing energy-
efficient quantum-coherent data buses for the transmission
of classical data poses also an interesting challenge for
quantum-based classical computing, as explored in Ref.
[23].

As a first step toward the development of a quantum-
based classical computer, and to explore potential ener-
getic advantages, we introduce a proof-of-principle one-bit
full adder composed of a sequence of Fredkin gates imple-
mented in semiconductor quantum dots [24] to maximize
compatibility with current classical semiconductor tech-
nology [25]. Each Fredkin gate is realized by a few elec-
trons evolving coherently under a single time-independent
Hamiltonian. Furthermore, we present energetic estimates
for our full adder and discuss how these estimates compare
with estimates for other proposals.

II. BACKGROUND

The full adder is a basic circuit for addition of binary
numbers that can be used to add many-bit numbers when
cascaded [26], and it is a crucial piece of a computer’s
arithmetic and logic unit [27]. Besides their constant use
in modern-day electronics, full adders continue to be a
focus in semiconductor electronics research [28,29] and

alternative computing technologies [30—33], as described
next.

A. Semiconductor quantum dots

Semiconductor quantum dots are one of the many plat-
forms currently being explored for quantum information
processing, with various qubit proposals [34-37] relying
on the manipulation of charge and spin degrees of freedom
of only a few electrons, typically allowing these devices to
be small and with fast operation times [38,39]. The great
development behind the semiconductor industry that sup-
ports our modern-day computers is expected to be very
advantageous for the development of semiconductor-based
quantum processors [25].

Besides the goal of quantum information processing,
semiconductor quantum dots have also been used to pro-
pose devices for energy-efficient classical information pro-
cessing based on quantum dot cellular automata (QDCA),
which have seen continued development over the last
two decades. Early experimental results demonstrated the
implementation of single QDCA cells and basic logic
gates [40—42], and since then there have been many pro-
posals for more complex operations, namely, full adders
[30-33]. To the best of our knowledge, there have been
no experimental demonstrations of a working QDCA full
adder.

B. Energetics of classical devices

To benchmark the energy efficiency of our proposal, it
is useful to briefly review and estimate the energetic costs
of classical information processing devices. We consider
three types of device: modern supercomputers, research
proposals for efficient transistor-based full adders, and
research proposals for alternative full adders based on
QDCA.

Modern supercomputer benchmarks can be found in
the TOP500 project [43], which regularly updates the
list of the top-performing and most efficient supercom-
puters being used commercially. The values provided by
this project are measured during the execution of large-
scale linear algebra tasks. However, our proposal is still
restricted to the addition of single bits, and thus it is
not directly comparable to the values obtained from the
TOPS500 project. Instead, we can use the values therein to
get an estimate of the energetic cost per bit operation, as
detailed in Sec. I in Supplemental Material [44]. At the
time of writing, the estimate for the top-performing super-
computer (Frontier) is 1.19 x 10° eV per bit operation, and
the estimate for the most energy-efficient supercomputer
(Frontier TDS) is 9.95 x 10* eV per bit operation.

Besides the aforementioned estimates for modern super-
computers, there are also numerous proposals for energy-
efficient full-adder designs based on different technologies.
Recent comprehensive reviews of semiconductor-based
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full adders are provided in Refs. [28,29], with detailed
simulations of their power consumption, delay, and power-
delay product, which quantifies the total energy spent
during one gate operation. Overall, in the proposals ana-
lyzed, the power-delay product ranges from 1.8 x 10% to
1.3 x 10 eV for one single-bit addition.

In regard to quantum dot cellular automata, referenced
above, simulations of various full-adder designs estimate
that their energetic cost could be on the order of 1 eV
[32]. However, these designs require dozens of QDCA
cells, which is far beyond what has been experimentally
demonstrated.

1. A QUANTUM-COHERENT CLASSICAL FULL
ADDER

Our proposed full adder is built via the repeated execu-
tion of a Fredkin gate based on the coherent dynamics of
a triple quantum dot system. We first describe the physical
model for the Fredkin gate and then describe the protocol
to operate the full adder.

A. Fredkin gate model

The Fredkin gate is a three-bit operation, where the log-
ical states of two target bits are swapped if and only if the
control bit is in the 1 state. A truth table for this opera-
tion is presented in Table I in Supplemental Material [44].
We encode each logical state into the charge occupancy
of a single-level quantum dot, with an empty quantum dot
representing the logical state |1) and a charged quantum
dot representing the logical state |0). Note that this encod-
ing does not represent a qubit, as no superposition of |0)
and |1) can be prepared [21]. Nevertheless, it is sufficient
for classical computation. The reverse encoding, with the
logical |0) represented by an empty quantum dot, could
also be used by appropriate adjustment of each quantum
dot’s on-site potentials. Furthermore, we note that in our
model |0) is encoded in a nondegenerate state with either
one or two electrons (or, generally, either odd or even elec-
tron numbers). Both cases can be represented by the same
Hamiltonian and, in principle, the same physical device
can realize any of the encodings. Moreover, the choice of
encoding is, in practice, implemented by tuning specific
parameters in the Hamiltonian (e.g., the strength of a static,
uniform magnetic field) and changing details of the control
protocol.

Our discussion regarding the logical encoding is
twofold. On the one hand, we wish to present a single
device that can be easily implemented with current lab-
oratory techniques to provide motivation for continued
research into this topic. On the other hand, we wish to
explore ways in which this device can be scaled up into
a more complex architecture in the future. The single-
electron encoding is certainly more amenable for near-term

experimental studies, as single-electron hopping in quan-
tum dots has been widely studied experimentally, and the
device can be tuned to perform the transition irrespec-
tive of the spin. To make the device scalable, however,
it is important that it performs the operation consistently
without needing to be tuned on the fly. One way to solve
that challenge is by fixing the electrons to be in either the
spin-up state or the spin-down state by imposing a uni-
form static magnetic field to lift spin degeneracy. Another
way would be to use a double-electron encoding through a
singlet state. This is a more challenging encoding for near-
term implementation, and to the best of our knowledge the
coherent tunneling of two electrons has not been observed
experimentally. Nevertheless, the possibility of scaling up
a system without the need for an external magnetic field
could be beneficial in the future, and this is the main
motivation for also considering it here as a conceptual
case.

We start by presenting our model in terms of the two-
electron encoding, and we discuss changes resulting from
use of the single-electron encoding. The computational
basis is thus defined as

0y =clcf 1), 1) =19, ()

where |#) represents the empty QD, and ¢l creates an
electron with spin o, either 1 or |.

We model our device through a general-form three-site
Hubbard Hamiltonian:

Hp = Zgl;lla + Z F(Cigcza + ngcla)
lo o

+ Y Viioshiy: + fiohae) + Y Uiy, (2)

oo’ 1

where / = 0, 1, or 2 is the index of each quantum dot, ¢; is
the single-particle energy of quantum dot / (QD1), I is the
tunnel coupling between QD1 and QD2, U is the charg-
ing energy of each quantum dot, which we consider equal
for simplicity, and V is the capacitive coupling between
nearest-neighbor quantum dots. We use the operators b
(¢ ) for the creation (annihilation) of an electron with spin

o, and we define the number operators as 7, = cz, Cis- We
present a schematic of the triple quantum dot system in Fig.
1(a). Several experimental studies have demonstrated that,
by tuning the control gate voltages, it is possible to tune
the parameters of quantum dot arrays for specific purposes
[45—47]. We further discuss experimental details in Sec. 11
E in Supplemental Material [44,48].

A complete analysis of the dynamics implemented by
Eq. (2), including the effects of quasistatic and high-
frequency noise, is presented in Sec. II in Supplemental
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FIG. 1. Fredkin gate dynamics. (a) Interactions represented by

the Hamiltonian in Eq. (2). By default, we consider the energy
levels of QD1 and QD2 to be tuned at resonance (¢, = &), allow-
ing the tunneling of electrons. The presence of electrons in QDO
translates to a shift in the energy levels of QD1 produced by
the capacitive coupling between these two quantum dots, which
detunes QD1 from QD2, thus blocking any coherent tunneling.
(b),(c) Amplitude squared (population) of logical states as a func-
tion of time obtained by the time evolution of the Hamiltonian in
Eq. (2) for two example initial states, |001) and |101), respec-
tively, showing the conditional SWAP operation. We label only
the relevant logical states, in color, and represent all leakage
states in gray. We use I' ~ 44 peV, U = 21.83I", "= 10I", and
gy = &1 = & = 0, estimates based on realistic values from the
experimental literature [45].

Material [44]. The Fredkin gate is complete after a time

2h
= . 3)
|U—V—/16I'2 + (U - V)?|

In our simulations we use I' =44 peV, V= 10I", and
U ~ 20T, a realistic set of parameter values obtained from
Ref. [45]. With these values we obtain a gate time of

roughly 143 ps. In Figs. 1(b) and 1(c) we show a simula-
tion of the time evolution of the Hamiltonian in Eq. (2) for
two initial states, demonstrating the dynamics of the con-
ditional swap between the two target bits. While the time
evolution of this Hamiltonian does not implement an exact
Fredkin gate, this model allows sufficient flexibility in the
parameters to implement a good approximation. For the
parameter values used, the theoretical fidelity of the gate
remains above 0.999, with quasistatic and high-frequency
noise leading to fluctuations in the 1073—1072 range, as
described in Secs. II A and II B in Supplemental Material
[44].

As mentioned earlier, our model also works with a
single-electron encoding, in which case we have

0) =cl gy, [1)=10), 4)

with o fixed to either spin up or spin down by our impos-
ing a uniform static magnetic field to lift spin degener-
acy. While the need for a magnetic field may introduce
some challenges when one is attempting to scale up the
system, this encoding may still be more amenable to
a near-term experimental implementation given that the
SWAP operation comprises the hopping of a single elec-
tron. In contrast to the double-electron encoding, this is
faster and less susceptible to dephasing errors. A poten-
tial source of dephasing errors is energy relaxation due to
electron-phonon coupling. These errors are especially rel-
evant in the two-electron encoding since they will cause
two electrons in a single quantum dot to spread to neigh-
boring quantum dots, leading to leakage states in this
configuration. Our estimates for gate speeds, based on typ-
ical semiconductor quantum dot parameters, are in the
range of hundreds of picoseconds for the double-electron
encoding and tens of picoseconds for the single-electron
encoding. Recent experimental studies of coherent quan-
tum dynamics have reported energy relaxation times in the
nanosecond range [37], indicating that the gate implemen-
tation we propose here is fast enough to avoid decoherence
induced by energy relaxation in both cases. We note that
the Hamiltonian we consider has already been imple-
mented experimentally in the work reported in Ref. [47]
using a triple quantum dot system, a concrete first step in
demonstrating the feasibility of our proposal, at least for
the single-electron encoding.

B. Full-adder protocol

A full adder sums three bits, p, ¢, and 7, outputting two
bits: parity and carry. This operation can be done with a
sequence of five Fredkin gates by use of two additional
bits, as represented schematically in Fig. 2(a). A direct,
fully coherent implementation of that scheme can, in prin-
ciple, be done by coupling at least five distinct quantum
dots, each encoding one of the initial {p,q,r,0,1} log-
ical bits, and then applying the illustrated sequence of
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FIG. 2. One-bit full adder with Fredkin gates. (a) A single-bit
full adder summing bits p, ¢, and » composed of Fredkin gates
can be implemented with two extra ancilla bits initialized in 0 and
1. (b) To represent the same operation with only three physical
bits, we collapse the top three lines into a single line representing
the control bit for each Fredkin gate. The control bit, first ini-
tialized to the logical state |p), must be reinitialized with other
logical states during the protocol, marked in the circuit by the
left-pointing red triangles. After the third Fredkin gate, the sec-
ond bit must be measured to save the |parity) value, which is part
of the full-adder output. Then, a SWAP operation changes |parity)
to the top bit to be used as a control bit in the following Fredkin
gate. The final Fredkin gate is done after reinitialization of the
control bit with |g). The output |carry) from the second bit and
the previous |parity) value form the output of the full adder. The
extra |g) output serves only to maintain logical reversibility.

five Fredkin gates. Instead, in this section, we focus on
a physically simpler setup using only three quantum dots
to implement the classical one-bit full adder, following the
circuit scheme in Fig. 2(b). The trade-off is the need to per-
form at least one intermediate measurement, and the need
to reinitialize the control quantum dot with different logi-
cal bits. This sacrifice in coherence may incur an additional
energetic cost, but the reduced physical system should be
advantageous for a near-term experimental demonstration
of our work.

A quantum dot implementation of the circuit in Fig. 2(b)
can be done with minimal changes to the triple quantum
dot system used for the Fredkin gate. The key change is
the need for electrons to tunnel between QDO and QDI
in order to implement the intermediate SWAP operation in
the circuit. This means that we must modify the previous
triple quantum dot Hamiltonian in Eq. (2) by adding a new
tunnel coupling parameterized by I'*:

Hy=Hp + ) T*(cy,Clo + ], C00)- )

o

The protocol to run the full adder with three quantum dots
according to the circuit in Fig. 2(b) is described schemat-
ically in Fig. 3. It requires a sequence of six steps, after
an initial step 0 to load the information for the first Fred-
kin gate. In the first, second, and fifth steps, the control
quantum dot must be reinitialized with a different logical
state, stored in a classical register. Between each step, the
dynamics are turned on via the tunnel coupling I', allow-
ing the Fredkin gates to operate. During the third step,
a measurement on QDI is performed, obtaining the log-
ical state corresponding to the parity bit. After the third
step, the dynamics are activated via the tunnel coupling
['*, instead of I, together with a raise of 2V = 20T in the
on-site potential &y of QDO, conditional on |parity) = [1).
This ensures the execution of an auxiliary SWAP opera-
tion between QDO and QD1 independent of the state of
QD2. Following this extra operation, the remaining steps
are performed as described previously, with a final mea-
surement on QD1 returning the value of the carry bit. Both
the parity bit and the carry bit correspond to the output
of the full adder, which can be stored in a classical regis-
ter after measurement. Scaling up this system may instead
shuttle these quantum states directly into the input of a
subsequent full adder. The full scheme and description of
the steps can be seen in Fig. 3. Fidelity estimates for the
proposed full-adder protocol are presented in Sec. III in
Supplemental Material [44], showing values close to 0.99
for all input states, obtained by independent simulations of
each intermediate step of the protocol.

IV. ENERGETICS

We now wish to estimate the energetic cost of running a
full adder based on our proposed model. For this purpose,
there are a few things to consider. First, we look at the
energy changes at the Hamiltonian level. These constitute
the lower bound on the energetic cost for the most effi-
cient implementation of our proposed device. Second, we
discuss a more realistic dissipation estimate based on cur-
rent technology for gate-based quantum dots, as the true
dissipation will come from the control pulses that imple-
ment the changes in the Hamiltonian. Third, we discuss
the interplay between energetic cost and desired fidelity.
Fourth, we discuss the energetic costs originating from the
cryogenic equipment required to maintain the operational
temperatures of quantum dots.

A. Hamiltonian-based estimate

The estimates we describe here are based on the theoret-
ical Hamiltonian model used. The main cost to consider
is the change in the tunnel coupling required to control
the flow of electrons between neighboring quantum dots
in each step of the protocol, as illustrated by the pulse
sequence at the bottom of Fig. 3. This parameter can
be controlled by raising or lowering the potential barrier
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FIG. 3. One-bit full adder with three quantum dots. Schematic representation of the logical states in all three quantum dots, where

QDO is represented by the top row, QD1 by the middle row, and QD2 by the bottom row. The seven steps of the protocol are represented
from left to right. Considering three initially empty quantum dots, the states |p) and |0) are loaded to QDO and QD1, respectively (step
0). The coherent Hamiltonian dynamics are then unfrozen by activation of the coupling I' during a time 7* corresponding to the Fredkin
gate time. In steps 1 and 2, the state of QDO is loaded with |¢) and |r), respectively, and two more Fredkin gates are executed. In step
3, the state of QD1 corresponds to the parity bit, which must be measured: if it is 1, the on-site potential € is raised to 2V = 20T, and
if it is 0, € is unchanged. With this condition on €, and by then activating I'*, the states of QD0 and QD1 swap independently of the
state of QD2. After this auxiliary SWAP operation, I can be activated to complete step 4. In step 5, the last Fredkin gate is performed
by loading |g) into QDO. Finally, in step 6, the carry bit can be read out of QD1, and the full adder is complete.

between two quantum dots, which can be described, for
example, by a double square well or a biquadratic poten-
tial [49]. Given the model described in Ref. [49], it can be
estimated that a change in the barrier height roughly equal
to the charging energy U is enough to change the tunnel
coupling I" from approximately 1 to approximately 0 [23],
where effectively no electron hopping occurs between the
two quantum dots. Therefore, for our estimates, we asso-
ciate an energetic cost of U with the action of freezing and
unfreezing the dynamics. We consider also the worst-case
scenario, where both increasing and decreasing the barrier
will cost the same amount.

Besides the aforementioned costs, we also consider the
costs of charging or discharging each quantum dot, having
an associated cost U per electron, and the raising of the
on-site potentials ¢;, costing the amount raised. Analyzing
the protocol in Fig. 3 for the operation of a full adder, we
may now count the various actions required at each step
and sum their associated costs, as presented in Table 1.

With the previously used values of I' =44 peV, V=
10T, and U = 21.83T", the estimate for the optimal ener-
getic cost to run the full-adder protocol, disregarding
measurements, is 28U + 2V ~ 28 meV. The costs listed
in Table I are a theoretical lower bound for the opera-
tion of a single full adder. The costs of actually producing

the desired changes in the Hamiltonian of a real system
will depend on external factors from the experimental
setup used to implement this Hamiltonian and perform
measurements, which we discuss next.

TABLE 1. Full-adder energetic cost. Energetic cost of each
action required to perform the protocol illustrated in Fig. 3. The
second column refers to the cost of charging or discharging each
quantum dot as U per each potential electron coming in or out of
each quantum dot at each step. The third and fourth columns refer
to the energy changes in the Hamiltonian resulting from our con-
trolling the parameters €; and I' or I'* of the Hubbard model in
Eq. (5). The total sum is 28U + 20I" ~ 28 meV for I' = 44 eV,
V=10I',and U = 21.83T".

Step Charging C(e) )
0—>1 4U 2U
1—-2 2U 2U
23 2U 2U
3 >4 20T 2U
5—>6 2U 2U
6—>0 6U

Total 16U 20T 12U

15 meV 0.9 meV 12 meV
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B. External control

The implementation of external control electronics is
an important topic in every scalable processor architec-
ture. Rent’s rule is a common empirical law used in such
studies. It states that the number of external signals (7)
controlling the individual gates inside a logic block (g)
scales as a power law:

T=1g", (6)

where ¢ is the number of signals per logic gate and p is
Rent’s exponent, where the lower the value p, the more
optimized the control scheme is [50]. Similarly to classi-
cal processors, it is expected that quantum systems will
follow a similar rule with progressively lower p as more
optimized schemes are designed [51].

In our work we consider a single device implementing
a Fredkin gate and a full adder. Therefore, a study of the
external control energetics in a scalable architecture sce-
nario is beyond the scope of the current proposal. However,
to get a rough estimate of the energetic costs of exter-
nal control, we can use the results recently published in
Ref. [52], where a scalable spin-qubit architecture in quan-
tum dots was proposed with the purpose of optimizing the
scaling factor between the number of qubits and external
signals for control and measurement, and where a detailed
estimate of the heat dissipated by the control equipment is
provided. While a scalable architecture for classical com-
putation based on our proposed device and logic encoding
will certainly be very different, the technology used for
control and readout signals should be similar to what is
considered in Ref. [52].

In Ref. [52], a unit cell of four qubits and accompany-
ing control electronics is considered as a building block.
Three main sources of heat dissipation are identified: the
dynamic power from the charging and discharging of par-
asitic capacitances between signal lines, the dissipation for
the sample-and-hold circuits used to bias the gate elec-
trodes in each quantum dot, and the power dissipated by
the finite resistance of signal lines. It is then estimated
that for an array of 2!8 unit cells with 22° qubits, the total
dissipation will be on the order of 100 mW.

Assuming that it is possible to design a scalable architec-
ture for our proposed device to implement 2'8 full adders,
with external control electronics comparable to the ones
used in Ref. [52] and a similar power dissipation, we can
estimate roughly 0.38 wW of power will be dissipated per
full adder. In our work we estimate a full-adder operation
time of 858 ps, corresponding to six Fredkin gates. How-
ever, the external control scheme used in Ref. [52] assumes
operation times for one-qubit and two-qubit gates in the
25-ns range, and thus it is not reasonable to assume it could
operate on a picosecond timescale with the same power
dissipation. Instead, we consider each full adder following
our model is tuned to have an operation time of 100 ns,

which can be easily done by tuning I in our Hamiltonian
model. Therefore, a power dissipation of 0.38 wW corre-
sponds to an energetic cost of roughly 2.4 x 10° eV per
full adder.

C. A note on fidelity

An important comment to make concerns the energetic
cost to reach a desired operation fidelity. In our work,
we consider a single time-independent Hamiltonian that
implements a Fredkin gate with a theoretical error rate of
10~*. Considering a full adder by repeated execution of the
proposed Fredkin gate, we find the theoretical full-adder
error rate is roughly 1073 (see Table II in Supplemen-
tal Material [44]). In contrast, modern classical computers
have much more negligible bit error rates. A common bot-
tleneck is in memory devices, with error rates in the 10713
range [53].

A comparison with conventional computers is fairest
when one is considering a quantum device operating with
the same fidelity requirements. A detailed study of this
topic was done in Ref. [54] by consideration of resource
estimates for quantum computing applications with a given
target fidelity. Compared with quantum computing, our
requirements on operation fidelity are less stringent. Since
we need to correct only for bit flips between each gate
operation, we may instead consider the application of clas-
sical error correcting codes. For example, for majority
logic decoding and a repetition code with # instances, up to
n/2 errors can be corrected, and an error rate of € in each

instance is reduced to a total error rate of roughly € S
we consider then an error-corrected logic block for one-
bit addition composed of nine of our proposed full adders
with majority logic decoding, the output would have a total
error rate close to 10~!°, comparable to the error rate of
conventional memory devices, with an order of magnitude
increase in the energetic cost estimate. This exponential
decrease in the error rate would incur at most a linear
energetic cost, but potentially lower than that considering
a single-input control signal to the logic block could be
demultiplexed into the individual full adders.

D. Cryogenic costs

Another operational cost to consider is that of cryo-
genic equipment. Given that we are considering specific
estimates for heat dissipation at specific cryogenic temper-
atures, the overall energetic costs should also consider the
power input required by the cryogenic equipment to trans-
fer the heat into a room temperature environment [55]. For
a refrigerator with a cooling power P, at a given tar-
get cryogenic temperature 7, transferring the heat to room
temperature 7, with Carnot efficiency will lead to an input
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power requirement Pj, given by [56]

T,—T.
Pi(1:1arnot = cooch~ (7)
c

However, empirical studies of cryogenic equipment used
in current laboratories [57] have found the relation to be
closer to

T, — T,
Pirr?al ~ Peool X 10° x % )
c

Similar expressions with the same ratios can be written for
the energetic cost directly, which we can then use to correct
our previous estimates to provide the effective cost per full-
adder operation when accounting for the cost of cryogenic
cooling. For the Hamiltonian estimate of an energetic cost
of 28 meV at an operation temperature of 100 mK, with an
extra order of magnitude increase to account for the target
fidelity, the corrected cost considering also the transfer of
the dissipated heat under Carnot efficiency to a room tem-
perature environment will be roughly 8.4 x 10? eV, while
the corrected cost considering current laboratory equip-
ment efficiency will be roughly 8.4 x 10° eV. Similarly,
we can correct the estimates for an external control operat-
ing at 1 K, so the 2.4 x 103 eV cost per full adder becomes
7.2 x 10% eV at Carnot efficiency, or 7.2 x 10'! eV for
laboratory equipment efficiency.

The first thing to note is that the estimates we pro-
vide here consider a single-stage heat transfer, which has
high power requirements. As discussed in Ref. [54], the
use of multistage cryogenics, i.e., using heat extraction
at multiple intermediate temperatures between room tem-
perature and the target cold temperature, may provide
considerably better heat extraction efficiencies, although
at this point it is unclear if the control electronics of a
quantum-based classical computer could be arranged in a

TABLE II.

way to exploit multistage cryogenics. Secondly, a recent
experiment demonstrated an autonomous energy harvester
[58] utilizing resonant tunneling quantum dots. With such
a device, the heat produced by this technology could
potentially be reused as electrical power for the control
electronics instead of being dissipated. Reusing dissipated
energy for electrical power has long been an important
technological problem to solve [59], but so far no suc-
cessful implementations in classical computing have been
achieved.

V. DISCUSSION AND CONCLUSIONS

In this work we explore the idea of using coherent
quantum dynamics to perform energy-efficient classical
computation by proposing a full adder based on semicon-
ductor quantum dots. We present in Table Il a comparison
of our energetic estimates with the classical technology
introduced in Sec. II B. Similarly to recent studies on quan-
tum computing [54], we discuss several important aspects
that will need to be further explored to make a precise
claim on the advantages of quantum-based classical com-
puters over current classical computers, such as the cost
and scalability of external control, the overhead associ-
ated with attaining competitive gate fidelities, and the cost
associated with cryogenic cooling.

Regarding fidelity and external control, some authors
[60,61] have argued that, in general, the energy required
for this control may be significant. This is because the con-
trol system needs to have enough energy so that quantum
fluctuations of the control and entanglement with the log-
ical system do not have a significant impact on the gate’s
fidelity. To the best of our knowledge, this requirement has
not been shown to apply universally, and was subject to
some debate [62—64]. Furthermore, in a recent supercon-
ducting experiment [65] it was shown that a single qubit
extracts one only quantum of energy from the driving field

Energetic cost estimate comparison. The top three rows are the energy cost estimates per bit operation in modern super-

computers, transistor-based full adders, and quantum dot cellular automata discussed in Sec. II B. In the bottom two rows we present
the estimates provided for the operation of our proposed quantum dot full adder, including the lower bounds obtained directly from
the Hamiltonian model, which assumes a working temperature equal to the quantum dot temperature of 100 mK, as well as the exter-
nal control estimates considering a scalable architecture similar to the one in Ref. [52], which assumes the working temperature of
the control electronics at 1 K. In the fidelity column we assume a 1-order-of-magnitude increase in the base cost obtained from an
error-correcting scheme as described in Sec. IV C. For cryogenic technologies we also present the estimates corrected for the cost of
cryogenic cooling assuming Carnot efficiency (third column) and laboratory equipment efficiency (fourth column), as discussed in Sec.
IV D. While these estimates are considerably greater, we discuss in Sec. [V D some possible ways to alleviate them in the future.

Approximate cost per bit operation (eV)

Technology Base cost Fidelity Cryogenic cooling corrected
Modern supercomputers, 7’ = 300 K 10°
Transistor full adders, 7 = 300 K 10° e e
QD cellular automata, 7= 1 K e 102 10°
QD full adder (Hamiltonian, 7 = 0.1 K) 1072 107! 103 107
QD full adder (external control, T = 1 K) 10° 10° 10° 10'2
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during a gate operation. Nevertheless, it is unclear if such
a fundamental observation can be translated into practical
and substantial gains in the energy efficiency of the control
electronics.

Regarding cryogenic cooling, as we have discussed,
the transfer of heat to the environment will be an impor-
tant limitation to be tackled given the potentially disrup-
tive costs associated with the operation of refrigerators.
Designing a quantum-based classical computer from the
ground up with a focus on energy harvesting could be
a promising direction, supported by the recent results in
Ref. [58].

Our approach is to encode the logical state of each
bit with one or two electrons in a single quantum dot.
While our encoding is not compatible with quantum com-
puting, similar devices exploiting quantum dynamics with
the goal of energy efficiency may also be designed using
compatible qubit encodings. Nevertheless, the possibility
of encoding logic in more general quantum states eases
some restrictions on device design, which may be benefi-
cial for the future scalability of such technologies. Besides
quantum dots, other platforms currently being explored
for quantum computing, such as trapped ions or super-
conductors, may also be considered, as recently done in
Ref. [66] for trapped ions. While some quantum computing
platforms may be found to be more energy efficient, semi-
conductor quantum dots may have an important advantage
for large-scale processor development: their compatibil-
ity with the already advanced semiconductor fabrication
techniques [25].

Our results are a first step in a road map to develop
energy-efficient classical computers exploiting quantum
dynamics. Several significant challenges will need to be
addressed, such as the study of the energetics of quantum
technologies [66—69], the development of energy-efficient
control systems and cryogenic equipment, compatible data
buses [23] and memory devices, and ultimately the combi-
nation of all elements into a scalable and energy-efficient
processor architecture. Our work proposes a first step in
this direction, which may prove to be a promising alter-
native for the future of high-performance computers when
current transistor-based semiconductor technologies reach
their absolute limits.
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