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Abstract: This paper proposes single-flux-quantum logic devices based on the concept of
the binary decision diagram (BDD). The umit device consists of several Josephson junctions
and operates as a two-way switch for single-flux-quantum transport. Any combinatorial
logic can be implemented by connecting identical unit devices into a cascade to build the
tree of a BDD graph. The construction of an 8-bit adder system is presented as an example.
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Introduction

One of the promising areas of research in superconductor electronics is the development
of circuit technologies that can be used in constructing large digital processing systems. To
promote such technologies, we propose a method of constructing  single-flux-guantum
circuits on the basis of the binary decision diagram (BDD). The BDD is a graphical method
for representing digital functions and can provide a concise expression [or most logic
functions encountered in LSl design applications [1][2]. The authors suggested in previous
articles that the concept of the BDMD can be utilized for constructing various quantum-device
circuits such as single-electron circuits [3]-[5]. In the present paper, we will describe a
method of constructing single-flux-quantum BDD circuits by using an 8-bit adder syvstem as
an example. By using single-llux-quantum BDD circuits, we will be able to construct various
logic systems that are capable of high-speed operation [6].

Binary decision diagram (BDD)

A BDD is a directed graph composed of many nodes and two terminals, with each node
labeled with a variable (FFig. 1). In determining the value of the function for a set of input
variables, we enter at the root of the graph and proceed downward to a terminal. At cach
node, we follow the branch corresponding to the value of the variables. The logic value of
the function 15 determined by which terminal we reach. In the BDD illustrated in Fig. 1(b), a
set of functions 1s represented efficiently by a single graph with multiple roots (one for each
function). This type of BDD is called a shared BDD. In a BDD, for a given set of the
varables, there is only one path from the root to either terminal of 1 or O, Therelore, we can
also determine the function value by tracing the path upward from a terminal to the root of
the graph. If there is a path from the l-terminal to the root, the function value is 1,
otherwise, the function value 1s 0,

Single-flux-quantum BDD device

A BDD consists of many nodes, and the function of each node is two-way switching
controlled by an input variable. To implement this function using single-flux-quantum
technology, we propose the device element illustrated in Fig. 2 (we will call this element a
BDD device). The BDD device consists of two control gates (J0, J1) and three bulfer
circuits. The gates are controlled by a binary input signal X7 (and its complement Xi). The
operation required for the control gates is as follows: 1if Xi = 1 (Xi = (1), the gate JJ is in a
superconducting state (a state of high critical current) and J7 is in a resistive slale (a stale of
low critical current), and if X = 0 (Xi = 1), the gate J/ 15 in a resistive state and JO is in a
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Fig. 1. Examples of BDD.

Fig. 2. The BDD device consisting of a
single-flux quantum circuit.
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Fig. 3. A shared-BDD representation for an 8-bit adder: s0 through s7 denote the sum output bits; ¢
through ¢7 denote the carry output bits; and c0 through ¢7 denote the complements for ¢0 through c7,
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superconducting state. Several methods can be employed for constructing the control gate.
The candidate methods are: (i) using a simple Josephson junction and controlling its critical
current by using an input current, and (ii) using a Josephson MOS transistor and controlling
its critical current by using an input voltage.

The BDD device operates as a two-way switch that accepts a single-flux-quantum pulse
(SFQ pulse) from either entry branch and transports the pulse to the exit branch. For an
mput of Xi = 1, the device transports a SFQ pulse if and only if the pulse is injected through
the 1-branch {a SFQ pulse through the O-branch is damped down by the control gate Ji),
And if Xi = 0, the device transports a SFQ pulse only from the O-branch to the exit branch.

Construction of the BDD circuit

Any combinatorial logic circuit can be constructed by connecting the BDD devices into a
cascade to build the tree of a BDD graph. We here present a sample design for an 8-bit
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Fig. 4. The single-flux-quantum BDD circuit for an 8-bit adder. This circuit is obtained by replacing
the nodes in the BDD representation with the BDD devices.
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Fig. 5. Simulation results for the operation of the adder circuit in Fig. 4. Plotted are the waveforms
for the output voltage (SFQ pulse output) on each root.

adder, It accepts two 8-bit inputs (an addend and an augend) and produces the
corresponding  8-bit sum output and 1-bit carry output. The operation of the adder is
represented by the BDD illustrated in Fig. 3 (the ripple-carry type is shown). For this
representation, we used a shared BDD with nine roots (one for each output bit). The BDD
consists of sum-bit subgraphs (s7, ..., s0) and carry-bit subgraphs (c7, ..., 0, ¢/, .., cl). The
signals ¢7 through ¢0 are the complements for the carry output ¢7 and the internal carry
signals 6 through ci).

We designed a single-flux-quantum logic circuit that implements the BDD above. The
configuration of the circuit is illustrated in Fig. 4. In add operation, the input bit signals are
applied to the BDD devices, then an SFQ pulse is injected into the circuit through the 1-
terminal. The SFQ pulse is transported upward to each root along the path specified by the
inputs, being reproduced by the splitters. The value of each output bit (57 through s, and
¢7) is determined by observing whether a SIQ pulse reaches the corresponding root; Le., the
output bit is 1 if a SFQ pulse reaches the root. The splitlers and the buffers are the same
circuit elements that are used in the RSFQ logic family [7]. The O-terminal and related
branch connections in the BDD representation are unnecessary [or circuit construction, The
single-branch BDD device in Fig. 415 a BDD device that has a single entry branch.

We have confirmed by computer simulation that the designed adder performs correct add
operation for all possible input combinations. Part of the simulation results 1s illustrated in
Fig. 5. The circuit parameters used are given in Table 1. For the control gate Junctions, it
was assumed that the critical current of the junction is unchanged for an input of 1 and is
reduced to one fifth for an input of 0. The circuit operated in 200-ps add time.

Conclusion

We proposed constructing single-flux-quantum logic circuits on the basis of the concept
of the binary decision diagram (BDD). To give practical form to this idea, we proposed the
device element that implements the unit BDD function. By combining the element devices
we designed an 8-bit adder, and confirmed correct add operation by computer si mulation.
(This work was supported by the Proposal-Based New Industry Creative Type Technology R&D
Promaotion Program from the New Energy and Industrial Technology Development Organization
(NEDO).)
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