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Abstract. Reversible logic circuits can perform logic operations in a thermodynamically 

reversible manner, or without energy dissipation. The reversible quantum-flux-parametron 

(RQFP) is a reversible logic gate using adiabatic superconductor logic. In the present study, we 

design and demonstrate a reversible full adder (RFA) using RQFP gates in order to demonstrate 

that RQFP gates can be used as building blocks to design reversible logic circuits. An analysis 

of the time evolution of the phase differences across the Josephson junctions in the RFA showed 

that its logic state can change quasi-statically during a logic operation. Calculation of the energy 

dissipation of the RFA showed that it decreases in proportion to the operating frequency. These 

numerical calculation results ensure that the RFA is thermodynamically and logically reversible. 

In addition, we experimentally demonstrated correct operation of the RFA for all input data 

combinations. These results reveal that logic circuits designed using RQFP gates can perform 

reversible computing, i.e., RQFP gates can be used as building blocks of reversible logic 

circuits.  
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1. Introduction 

For several decades, complementary metal-oxide-semiconductor (CMOS) logic has been 

primarily used in large-scale integrated circuits, thereby driving the advancement of information 

technologies. The performance and energy efficiency of CMOS logic has been improved by 

reducing the physical size of CMOS devices. However, the miniaturization of CMOS devices is 

expected to shortly reach physical limitations. The power consumption of an exascale 

supercomputer using CMOS logic is estimated to exceed 100 MW [1, 2], even if we assume 

continuous improvement of the CMOS technology. Therefore, very energy-efficient logic 

devices are required in order to achieve future high-end computers. Reversible computing [3, 4], 

the concept of which is different from conventional CMOS-based logic, is attractive for 

increasing the energy efficiency of logic circuits because the energy dissipation of logic circuits 

can be reduced in proportion to the operating frequency. Thus far, several reversible logic gates 

have been proposed using different devices, including superconducting devices [5], magnetic 

devices [6], quantum-dot cellular automata [7], nanomechanical devices [8], and enzyme-based 

biocatalytic systems [9]. 

In a previous study, we proposed the reversible quantum-flux-parametron (RQFP) [10], 

which is a logically and thermodynamically reversible logic gate that uses the adiabatic 

quantum-flux-parametron (AQFP) [11, 12]. AQFP logic is an adiabatic superconductor logic 

that is based on the quantum-flux-parametron (QFP) [13], which was proposed by Eiichi Goto. 

Numerical simulations [14] suggested that RQFP gates can perform logic operations in a 

thermodynamically reversible manner, or without energy dissipation, if RQFP gates are operated 

quasi-statically. Furthermore, we fabricated an RQFP gate using the Nb integrated-circuit 

fabrication process [15] provided by the National Institute of Advanced Industrial Science and 

Technology (AIST), and demonstrated its correct logic operations at liquid He temperature [16]. 
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An advantage of RQFP gates is that these gates can be used as building blocks for large-scale 

reversible logic circuits because any combinational logic can be formed using RQFP gates, as 

will be shown later. However, it remains unclear whether circuits composed of multiple RQFP 

gates are thermodynamically reversible, as is the case for single RQFP gates. In addition, 

reversible logic circuits composed of multiple RQFP gates have yet to be experimentally 

demonstrated. In the present study, we designed a reversible full adder (RFA) using RQFP gates 

to investigate the reversibility and feasibility of RQFP-based logic circuits. We analyzed the 

time evolution of the phase differences across the Josephson junctions in the RFA and calculated 

its energy dissipation to demonstrate thermodynamic reversibility. We also fabricated an RFA 

and examined its operation to reveal that RQFP-based logic circuits can operate stably using 

practical circuit parameters and fabrication technology.  

 

2. Reversible QFP 

Figure 1 shows a schematic of the RQFP gate, which includes six symmetrically interconnected 

AQFP gates. The circuit parameters are based on a previous study [14, 15]. Gates A through C 

work as three-output splitter (SPL) gates, which are buffer gates with a fan-out of three. Gates X 

through Z work as three-input majority (MAJ) gates, the logic states of which are determined by 

the majority vote of the inputs: MAJ(i, j, k) = (i ∧ j) ∨ (j ∧ k) ∨ (k ∧ i), where i, j, 

and k are the binary inputs. Using this MAJ function, the logic state of gate X is given by x = 

MAJ(¬a, b, c) because gate X receives ¬a, b, and c from gates A, B, and C, respectively. 

Similarly, the logic states of gates Y and Z are given by y = MAJ(a, ¬b, c) and z = MAJ(a, b, ¬c), 

respectively. Therefore, the RQFP gate performs the following operation: 

(𝑥, 𝑦, 𝑧) = (MAJ(𝑎̅, 𝑏, 𝑐), MAJ(𝑎, 𝑏̅, 𝑐), MAJ(𝑎, 𝑏, 𝑐̅)).   (1) 

Note that logical negation is achieved by inverting the sign of the coupling coefficients ksout1, 
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ksout2, and ksout3. Equation (1) reveals that RQFP gates with constants can perform any 

combinational logic. For instance, an AND operation of a and c is performed by applying 1 to b: 

y = ac for b = 1. Then, Ix1 and Ix2 are ac excitation currents that apply an ac magnetic flux to the 

AQFP gates in the RQFP gate so that the AQFP gates are powered and clocked, and Id is a 

dc-offset current that applies a magnetic flux of 0.50 to each AQFP gate, where 0 is a flux 

quantum. When Ix1 (Ix2) is applied, a SPL (MAJ) gate generates an output current Isout (Imout), the 

sign of which represents the logic state. A positive (negative) output current corresponds to a 

logic state of 1 (0). The output currents apply a magnetic flux to the next gates via transformers. 

The details of the operating principles and excitation methods of AQFP logic are given in the 

literature [11, 12, 15]. The truth table for RQFP gates clearly indicates that the gates are 

bijective, or logically reversible [10]. Moreover, RQFP gates can operate thermodynamically 

reversibly because [14]: (i) the state variables of RQFP gates can evolve quasi-statically, or time 

reversibly, during a logic operation, and (ii) the energy dissipation required for a logic operation 

performed by an RQFP gate approaches zero as the operating frequency decreases. Therefore, 

RQFP gates are thermodynamically, as well as logically, reversible.  

 

3. Reversible full adder 

3.1. Operation principle 

Figure 2 shows a schematic of the RFA, which is composed of two RQFP gates, where RQFP1 

includes gates A1 through Z1 and RQFP2 includes gates A2 through Z2. Although the locations 

and numbers of logic negation in RQFP1 and RQFP2 are different from those of the original 

RQFP gate shown in figure 1, RQFP1 and RQFP2 are also logically reversible and can operate 

thermodynamically reversibly, as will be shown later. The number of Josephson junctions used 

in the RFA is 28. Here, a, b, and cin are the inputs, and s and cout are the sum and carry outputs, 
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respectively. In addition, x and y correspond to cin and b, respectively, and are regarded as 

garbage outputs [3], which are required in order to ensure logical and thermodynamic 

reversibility. Table 1 shows the truth table for the RFA, which is bijective, or logically reversible 

[17]. Figure 3 shows the transient analysis results for the RFA using the Josephson circuit 

simulator, JSIM [18]. In the figure, Ix1 and Ix2 are 1 GHz excitation currents. In addition, IoutA1 

through IoutZ1 are the output currents for each gate in RQFP1, and IoutA2 through IoutZ2 are the 

output currents for each gate in RQFP2. In synchronization with Ix1 and Ix2, logic operations are 

performed with a phase separation of 90°. Figure 3 shows a correct operation of the RFA with a 

= 1, b = 0, cin = 1, s = 0, x = 1, y = 0, and cout = 1.  

 

3.2. Thermodynamic reversibility 

In order to demonstrate the thermodynamic reversibility of the RFA, we analyzed the time 

evolution of the phase differences across the Josephson junctions in the RFA because the phase 

differences are state variables in AQFP logic. Figure 4 shows the evolution of the phase 

differences across the Josephson junctions for a = 1, b = 0, and cin = 1. Here, Ix1 and Ix2 are 1 

GHz excitation currents. For each gate, the phase differences of a pair of Josephson junctions 

(Js1 and Js2 for an SPL gate, Jm1 and Jm2 for an MAJ gate in figure 1) are shown. The logic state 

of each gate is regarded as 1 when the phase difference across J1 exceeds , whereas it is 0 

when the phase difference across J2 goes below -. Figure 4 shows that all of the phase 

differences change gradually along with Ix1 and Ix2, which indicates that the RFA can operate 

quasi-statically, or thermodynamically reversibly [17]. We also confirmed that the phase 

differences in the RFA change gradually during excitation for other input data combinations. 

Note that in a thermodynamically irreversible system the phase differences of some Josephson 

junctions change suddenly, or non-adiabatically, during excitation [19].  
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In order to demonstrate the thermodynamic reversibility of the RFA from the viewpoint of 

dissipation, we simulated the energy dissipation of the RFA in a similar manner to a previous 

study [14]. Figure 5 shows the schematic of the circuit used for simulation. Four-stage AQFP 

buffers are inserted before and after the RFA to avoid the interactions with the input and output 

ports. Figure 6 shows the simulation results for the energy dissipation per operation of the RFA 

as a function of the frequency of the excitation current. As a reference, we also simulated the 

energy dissipation per operation of an AQFP full adder (AQFP FA) [20], where conventional 

irreversible AQFP logic gates, such as MAJ gates, are used. In general, the energy dissipation of 

AQFP gates depends on input data combinations [14]. Thus, the energy dissipation shown in 

figure 6 is the average between the values for all input data combinations. The lines show the 

simulation results at T = 0 K, and the markers show those at T = 4.2 K. The markers are the 

averages over 500 iterations. In the simulation at 4.2 K, thermal noise current sources are added 

in parallel to the Josephson junctions. The amplitude of the thermal noise currents is given by 

the Monte Carlo method and follows the Gaussian law with the standard deviation given by 

(2kBT/Rsgt)0.5 [21], where t  is a simulation time step, and Rsg is the sub-gap resistance. In this 

study, t = 0.2 ps, Rsg = 200 . In figure 6, there are no remarkable differences between the 

calculation results at 0 K and those at 4.2 K. The average energy dissipation of the RFA 

decreases linearly and approaches zero as the frequency decreases, which indicates that there is 

no minimum boundary in the energy dissipation for logic operations using the RFA, and the 

RFA can operate thermodynamically reversibly in the quasi-static limit even at finite 

temperature. On the other hand, the energy dissipation of the AQFP FA approaches a non-zero 

value as the frequency decreases. This is because, in a thermodynamically irreversible system, 

the Josephson junctions that operate non-adiabatically impose non-zero minimum energy 

bounds [14]. In this simulation, the energy dissipation of the RFA is smaller than that of the 
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AQFP FA for the entire frequency range. At 0.01 GHz, the energy dissipation of the RFA is even 

lower than the thermal energy at 4.2 K, 5.80×10-23 J.  

 

3.3. Experimental demonstration 

The above simulation results verify the thermodynamic reversibility of the RFA. We next 

fabricated an RFA to show that RQFP-based logic circuits can be achieved using practical 

fabrication technology. The RFA was designed and fabricated using the AIST 10 kA cm-2 Nb 

high-speed standard process (HSTP) [15]. The physical layout design of the RQFP gates in the 

RFA was based on designs reported in the literature [16]. Figure 7(a) shows a microphotograph 

of the RFA, where Ix1 and Ix2 are excitation currents; a, b, and cin are the inputs; and s, x, y, and 

cout are the outputs, which are read out using dc superconducting quantum interference devices 

(dc-SQUIDs) [11]. Figure 7(b) shows the waveforms for the RFA at 100 kHz in liquid He. We 

confirmed the correct logic operations for all input data combinations. The measurement results 

for the excitation current margins of Ix1 and Ix2 were 5.4 dB and 6.1 dB, respectively, which 

indicates that RQFP-based logic circuits can operate stably using practical circuit parameters 

and fabrication technology. 

 

4. Conclusion 

We investigated the reversibility and feasibility of the RFA. We confirmed that the phase 

differences across the Josephson junctions in the RFA change adiabatically, and the energy 

dissipation of the RFA decreases linearly as the operating frequency decreases. These results 

indicate that the RFA is a thermodynamically and logically reversible logic circuit. We 

experimentally demonstrated the RFA, confirming correct operations for all input data 

combinations. The obtained results suggest that RQFP gates can be used as building blocks to 
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design reversible logic circuits.  
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Figure 1.  Schematic of the RQFP gate. The gate is composed of six AQFP gates. Three of 

these gates work as three-input majority (MAJ) gates, and the other three gates work as 

three-output splitter (SPL) gates. Here, a, b, and c are the input data; and x, y, and z are the 

output data. The circuit topology of the RFA gate is symmetrical because the three-input MAJ 

gate and the three-output SPL gate have the same circuit schematics. Logic negation is achieved 

by changing the sign of the coupling coefficients (ksout1, ksout2, and ksout3).   
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Figure 2.  Schematic of the RFA, which is composed of two RQFP gates. Here, a, b, and cin are 

the input data; and s and cout represent the sum and carry outputs, respectively. In addition, x and 

y are garbage outputs, which correspond to cin and b, respectively.  
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Table 1. Truth table for the RFA. 

a b c in s x y c out

0 0 0 0 0 0 0

0 0 1 1 1 0 0

0 1 0 1 0 1 0

0 1 1 0 1 1 1

1 0 0 1 0 0 0

1 0 1 0 1 0 1

1 1 0 0 0 1 1

1 1 1 1 1 1 1
 

 

  



 

13 

 

 

 

Figure 3.  Transient analysis results for the RFA. Logic operations are performed with 1 GHz 

excitation currents Ix1 and Ix2 with a phase separation of 90°. Here, IoutA1 through IoutZ1 are the 

output currents for each AQFP gate in RQFP1, and IoutA2 through IoutZ2 are the output currents for 

each gate in RQFP2.  
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Figure 4.  Time evolution of the phase differences across the Josephson junctions in the RFA 

for (a, b, cin) = (1, 0, 1). The phase differences change gradually along with Ix1 and Ix2, which 

indicates that the RFA can operate quasi-statically, or thermodynamically reversibly. 
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Figure 5.  Schematic of the circuit used for simulation. Four-stage AQFP buffers are inserted 

before and after the RFA to avoid the interactions with the input and output ports. Ix1 and Ix2 

represent excitation currents; and Id is a dc-offset current. 
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Figure 6.  Simulation results for the energy dissipation of the RFA and AQFP FA as a function 

of the frequency of the excitation current. The lines show the simulation results at T = 0 K and 

the markers show those at T = 4.2 K, which are the averages over 500 iterations. In the 

simulation, the energy dissipation is averaged between the values for all input data combinations. 

The energy dissipation for the RFA decreases linearly and approaches zero as the frequency 

decreases, which indicates that the RFA can operate thermodynamically reversibly in the 

quasi-static limit. On the other hand, the energy dissipation for the AQFP FA approaches a 

non-zero value.  
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(a) 

 

(b) 

Figure 7.  Experimental demonstration of the RFA. (a) Micrograph of the RFA. The outputs 

are read out through dc-SQUIDs. (b) Measurement results for the RFA at 100 kHz at 4.2 K. 

Here, Ix1 and Ix2 represent excitation currents; a, b, and cin are the inputs; and s, x, y, and cout are 

the outputs. Correct operation of the RFA is confirmed for all input data combinations.  


