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Introduction

Figure 1: Phototype of Trefoil

Quantum computing has achieved
significant developments, never-
theless, most quantum hardware
is only accessible to the public
through the cloud environment or
supercomputers. Among all chal-
lenges in the current emulator de-
velopment, memory bomb comes
to be the most severe problem for
a practical quantum emulator. In
this research, we propose to use
Trefoil FPGA with an extensive
storage system to overcome resource limitations as shown in Figure 1. We summarize
our work as follows.

■ A high-speed quantum simulator, Qulacs [1], on the M-KUBOS FPGA cluster

■ HLS-based quantum gate implementations H gate, S gate, CNOT gate, and a
dense matrix computation

■ Performance improvement to a similar level of the Ryzen sever

■ Stable performance of increasing qubits with board extension

Quantum Gates

A quantum state expression:
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n-qubit system:

♣ψ⟩ = a0...00♣. . . 00⟩ + a0...01♣0 . . . 01⟩ + · · · + a1...11♣1 . . . 11⟩
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Versatile Quantum Gate Implementation
Quantum Gate Meaning Matrix

H (Hadamard) Convert the qubit from clustering
state to uniform superposed state
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2
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S Rotates qubits 90° around the Z
axis, counterclockwise
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2

]

CNOT (Controlled
NOT)

Entangle & disentangle Bell states
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Figure 2: M-KUBOS [2] architecture

Qulacs Optimization using HLS

Taking H gate as an example:

■ n-qubit quantum circuit with 2n states saved in vector state[ ]

■ Target gate: t

■ index0 = bn−1bn−2 . . . 0tbt−1bt−2 . . . b0

■ index1 = bn−1bn−2 . . . 1tbt−1bt−2 . . . b0

■ x0 = state[index0]; x1 = state[index0 + 1]

■ y0 = state[index1]; y1 = state[index1 + 1]

■ state[index0] = 1√
2
(x0 + x1); state[index1] = 1√

2
(y0 + y1)

■ state[index0 + 1] = 1√
2
(x0 − x1); state[index1 + 1] = 1√

2
(y0 − y1)

■ Working on all the state vectors bn−1 . . . b0

Streaming processing depending on target gate (t)’s location
Data stream optimization using buffering:

Figure 3: Hadamard gate optimization using buffering

Evaluation

Execution time of naive implementation:

Figure 4: Naive implementation concerning target qubit and execution time

Time evaluation of H gate after optimization

Figure 5: Hadamard gate evaluation after optimization
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