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1. Quantum Simulator using State Vector
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For a qubit (quantum bit) state: a coherent superposition of the basis states
* Linear combination of |0) and |1): |Y) = a|0) + B|1)
* 10)=(0,1) 11) = (1, 0) la|?+ |BI*=1
* |al|?vs. |B]*> = The probability for |0) and |1)
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* For n qubit

* |Y)=ay_00l0..00) +ag 01/0..01) + ...+ a;_;4|1..11)

» 2™ states: Complex vectors representation

n qubits VS. Double precision Complex (128 bits) > Memory capacity: 2" Bytes
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2. Quantum Simulator Qulacs VS. FPGA Implementation

\@.) Qulacs [1]: A fast simulator for quantum circuit Pros & Cons of platform selection

Front-end C++ classes

\—/

CPUs: (Lack of locality of reference

(Quantum Circuit) ( Quantum Gates )

Virtual memory - memory requirements

(Quantum State) ( Observable )

- GPUs: (Less requirements on computational capacity )

Optimized low-level functions (Costly utilization - Supercomputers / clusters )

High-speed data access using HBM2

( Memory management) Quantum state
manipulation

( Quantum state evaluation )

I High-parallelism data processing
FPGAs: (Limited memory capacity - No virtual memory )
SIMD
*  Multi-threading (Limited performance inferior to GPUs )

Better performance in cost & energy consumption

No additional overheads for data (de)compression

[1] Suzuki, Y. et al. (2021) ‘Qulacs: a fast and versatile quantum circuit simulator for research purpose’, Quantum, 5, p. 559. d0i:10.22331/q-2021-10-06-559.



3. Qulacs Implementation on FPGA

* 2-stage Implementation
* HLS Design for Quantum Gates

Quantum Gates1 Meaning Matrix
H Convert the qubit from L [1 ]
clustering state to uniform 21 -1
“u_"i“:“ _P.”_ “"'ZE“_""‘” / SR Ie superposed state
AM|
_._ _._ = ~ s Rotates qubits 90 around the 1 On'
w0 comedy x0T | Sose RIL Code Z axis, counterclock ) -7
B EE——) ’ e
L — ) =) 1000]
CNOT Entangle & disentangle Bell 0100
*  FPGA Trefoil Design: FPGA with extensible memory capacities (Controlled Not) states 0001
* Response to enormous memory resource requirements L0011
*  Multiple SATA-ports connection (Possible for 32 SATAs) Matrix Arbitrary 2 quantum gates
e Pipelined data transfer (Higher throughput with less latency) multiplication
A L|tex [2] Design 10 Open source IPs ¢

LM32 PicoRV32

‘ 4 Softcores [2018] FPGA platform

LiteDRAM| [ LiteEth |----- 7 more ----- LiteVid:
more ’ VexRiscV Morlkx

provides \ /suppons
i23H éFd'WéFé" i
T modules | FHDL |28 migen FM{ LiteX |

) Gigabit Ethernet
B == Display Port
mlcrgSD card Cortex A53 Quad Core+

PI flash
I?C devices Cortex RS Quad Core > CaNx2

--------------------------- N ‘
| Build | | Utils | | SoC I | Boards Arty7  TinyFPGA BX l
altera cores Nexys4 KCU105 etc... PL Part
xilinx server intercon platforms Firefly cables 1143 K Logic cell e
lattice term integration targets KC705 WersaECES e
microsemi = Sim software ” 70.6Mb Memory L) Pmodx2
yosys Utilities 21 Boards [2018] 1968 DSPs 7= LED, DipSW, pushSW

[2] Kermarrec, Florent, et al. "LiteX: an open-source SoC builder and library based on Migen Python DSL." arXiv preprint arXiv:2005.02506 (2020).



4. Qulacs Optimization using HL.S

Hadamard Gate Design

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

Target qubit: t

indexO == bn_lbn_z Otbt—lbt—z bo
ind€x1 = bn_lbn_z 1tbt—1bt—2 bo

Xo = State[indexy]| yo = statelindex;] x; = statelindexy + 1] y; = state[index; + 1]

Execution Time (s)

1
state[index,] = \/—E(yo +¥1)

V2

state[indexy, + 1] =

state[indexy| = (xo + x1)

1
state[index; + 1] = ﬁ(}’o — Y1)
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3 Complex computation parallelism

Execution Time for H Gate (28 qubits)
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Extensible in qubit size with multiple FPGA cluster
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