Toward fast and scalable decoder
hardware for tailored made quantum
error correction codes
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Abstract

The main objective of this research report is to gain an in-depth
understanding of the fundamental concepts of quantum information, and to
design and implement a decoder for quantum error correction codes,
ultimately deploying it on an FPGA board. Due to the unique properties of
quantum information, such as quantum superposition and entanglement,
quantum bits (qubits) are prone to errors during transmission and
processing due to external interference. Unlike classical error correction
codes, traditional methods cannot be directly applied to correct errors in
quantum information, as quantum measurement alters the quantum state,
causing information loss during the measurement process.

Therefore, in order to effectively perform quantum error correction,
specialized quantum coding schemes must be designed to detect and
correct quantum errors, using these coding schemes to assist in the
decoding process. This research focuses on the design of decoding
algorithms for quantum error correction codes and their implementation on
FPGA hardware, exploring the feasibility and performance of such
solutions in practical quantum computing applications.
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Saving two_X_errors.txt to two_X_errors.txt

with open(’two_X_errors.txt’, 'r') as file:
i=e
j=1
for line in file:
index = format(pow(2, i)+pow(2, j), "b")
print("%25s " ¥ index, end="")
print(line.strip())
i=isl
if (i==25):
i=e
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B4 = verilog 7 3 e B4 42 55 4B

2. deie -z “%rf 11 syndrome ?

e B M“%rf syndrome #_F — F_ikygen £ AP hipig § Y gIe
18 57 Surface code © & ¥ /& 3| — #& syndrome > &+ B error £ %
Fo RRRIEF- B AP RERT S - B2 S error M“,%.’Eﬁ
4 71 syndrome °

(= ) § i* & FPGA % %%
1.Look-up Table based =7 decoder

i i B decoder » input % clk(clock) ~ syn(syndrome) > output &
z_corr(correction for z error) ~ x_corr(correction for x error) > %] 5 &_
Look-up Table based 7 decoder #7124 78 1 % ¥ > & %/ d — i top
module f-= # Look-up Table module & = o

module top{clk,swn, x_corr, =_corr);
output [24:0] 2_corr;
output [24:0] x_corr;
input [23:0] =wn;
input clk;
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1. Look-up Table in verilog

module LUT_Xidata_gubit, swn); module LUT _Z{data_gqubit, =vn);

output [B:0] data_qubit; outpnt [B:0] data_gubit;

input [3:0] syn; input [3:0] =yvn;

reg [B:0] data_gubit; reg[8:0] data_gubit;

always & always ©F

cazelzyn) case(syn)
4'40: data_qubit = 9'WOO00OOOOO, 4'd0: data_gubit = 9 hOO0OOOOOD;
4'q1: data_qubit = 9'WO0000OOOL 4'dl: data_gubit = 9"WOO0OOOOLO,
4'02: data_qubit = 9'WO0000OL00; 4'92: data_gubit = 9000000100,
4'd3: data_gubit = 9'w000000010; 4'd3: data_qubit = 9'hO00O0O110;
4'd4: data_qubit = 9'WO0000L000; 4'd4: data_gubit = 9"ROOL00000D,
4'd5: data_qubit = 9'WOO0L00OO0L 4'd5: data_gubit = 9"hOO0001000;
4'd6: data_qubit = 9'WO00010000; 4'd6: data_gubit = 9"hOOL000100;
4107 data_qubit = 9'WO00010001 ; 4'47: data_gubit = 9"WOO0O01100,
4'd8: data_qubit = 9'h100000000, 4'd8: data_gubit = 9 h100000000;
4'09: data_qubit = 9'B100000001 ; 4'99: data_gubit = 9 hOOOOLOOOD;
4'd10: data_gubit = 9'h100000100; 4'410: data_qubit = 9'hOOOLOO0O0;
4'311: data_gubit = 9" RI000I00L0; 4'd11: data_gubit = 9'h000010100;
4'q12: data_gubit = 9" hOL0O000000; 4412 data_qubit = 9'hO11000000;
4'd13: data_gubit = 9'WOL1000000L; 4413 data_qubit = 9'hO0OL0OI0000;
4'd14: data_gubit = 9"h100010000; 4'dld: data_qubit = 9'hO0OTI00000;
4'd15: data_gubit = 9'hOL00000LO; 4'd15: data_qubit = 9'hOOOLO1000;
default: data_gqubit = 9'BO00000000; default: data_qubit = 9"bO00OO00OD;

endcase endcase

endnodule endmodule
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(= ) d=5 surface code

1. Look-up Table in verilog
module LUT_H({swn,data_gubit clk);
autput [24:0] data_guhit;

input [11:0] =vn;
input clk;
reg [24:0] data_gubit;

alwavs @ pozedze clk)

cazelsvn)
12'h000000000001 : data_gubit = 25" hOOOOOOQOOO00000000000001 ;
12'0000000000101 : data_gqubit = 25" WOOOOOOQOOO0O000000000010;
12'h000000000110: data_gqubit = 25" hOOOOOOQOOQ0OOD0000000100;

12'6000000010000: data_gubit = 25" W0000000000000000000100000;
12'6000000010100: data_gubit = Z5'w0000000000000000001000000;
12" w000000100100 . data_gubit = 25 hOO000O000O00000001 0000000
12'b000000101000: data_gubit = &5'w0000000000000000100000000;
12'6000000001000: data_gubit = Z5'W0000000000000001000000000;
12'6000000010000: data_gubit = &5'W0000000000000010000000000;
12'b000001010000: data_gubit = Z5'W0000000000000100000000000;
12'6000001100000: data_gubit = Z5'W0000000000001000000000000;
12'0000010100000: data_gubit = &5'W0000000000010000000000000;
12'6000010000000: data_gubit = Z5'W0000000000100000000000000;
12" w000100000000 . data_gubit = 25 bOO0000O0O0C0LO00000000000000;
12'b000101000000: data_gubit = &5'W0000000010000000000000000;
12'6001001000000: data_gubit = Z5'W0000000100000000000000000;

12'6000100000000: data_gubit = Z5'W0000100000000000000000000;
12'0010100000000: data_gubit = &5'W0001000000000000000000000;
12'6011000000000: data_gubit = 25'W0010000000000000000000000;
12" 5101000000000 data_gubit = 25 bOL00000000000000000000000;
12'6100000000000: data_gubit = &5'h1000000000000000000000000;

— i# z error £ Look-up Table



module LUT_Z(svn,data_gqubit . clk);
outpet [24:0] data_gubit;
input [11:0] =vn;
input clk;
reg [24:0] data_gubit;

alwavs @ posedge clk)
cazelsvn
12'b000000000001 - data_gubit = 25" WOOOOOO0O00000000000000001 ;

12'6000000000010: data_gubit = 25" hO000000000000000000001000;
12'b000000000100: data_gubit = 25" hO000000000000000000010000;
12'8000000001001 : data_gubit = 25" hO000000000000000000100000;
12'6000000010001 : data_gqubit = 25" WO000000000000000001000000;
12'8000000010010: data_gubit = 25" hO000000000000000010000000;
12'6000000100010: data_gubit = 25" hO000000000000000100000000;
12'p000000100100; data_gubit = 25 ROOO00OO00DOC000T Q00000000 ;
12'6000001001000: data_gubit = 25"hO000000000000010000000000;
12'6000001010000: data_gubit = Z5'hO000000000000100000000000;
12'8000010010000: data_gubit = 25" hO000000000001000000000000;
12'0000010100000: data_gubit = 25" hO0000000000 0000000000000,
12'6000100100000: data_gubit = Z5'WO000000000100000000000000;
12'8001001000000: data_gubit = 25" hO000000001000000000000000;
12'6010001000000: data_gubit = 25" hO000000010000000000000000;
12" w010010000000 ;. data_gubit = 25 BOO00000 0000000000000 ;
12'6100010000000: data_gubit = 25"hO000001000000000000000000;
12'6100100000000: data_gubit = Z5'hO000010000000000000000000;
12'8001000000000: data_gubit = 25"hO000100000000000000000000;

12'6010000000000: data_gqubit = Z5'hO010000000000000000000000;

12'5100000000000: data_gubit = Z5"h1000000000000000000000000;

- 1# x error 7 Look-up Table



12" 6000000000100
12'b000000000111 -
12'8000000001011
12" 5000000001001 -
12'b000000010001 -
12'6000000010101
12'b000000100101 -
12'b000000101001 -

12'8000001010001 -
12" 5000001100001 ©
12'6000010100001 -
12'600001 0000001 -
12" 8000100000001 -
12'8000101000001 -
12'5001001000001 -
12'5001010000001 -

12'8010100000001 -
12'5011000000001 -
12'5101000000001 -
12'5100000000001 -
12'6000000000011 -
12'b000000001111 -
12'8000000001101

12'6000000100001 -
12'b000000101101 -

12'b000001010101 -
12'8000001100101 -
12' 5000010100101
12'b000010000101
12'6000100000101
12'8000101000101 -
12'8001001000101 :
12'6001010000101 -

data_gubit
data_gubit
data_guhit
data_gubit
data_gubit
data_gubit
data_gubit
data_gubit

data_guhit
data_gubit
data_gubit
data_gubit
data_gubit
data_gubit
data_gubit
data_gubit

data_gubit
data_gubit
data_gubit
data_gubit
data_gubit
data_gubit
data_guhit

data_gubit
data_gubit

data_gubit
data_guhit
data_gubit
data_gubit
data_gubit
data_gubit
data_gubit
data_gubit

25'h11;
25'b101;

25" h1001;
25'h10001 ;
25'b100001 ;
25" B1000001 ;
25'b10000001 -
25'b100000001 ;

25'h100000000001 ;
25'b1000000a00001 ;
25'h1000000000aaa1 ;
25'b100000000000001 ;
25'h1000000000000a01 ;
25'110000000000000001 ;
25'1h100000000000000001 ;
25'1h1000000000000000001 ;

25'1h1000000000000000000001 ;
25'h10000000000000000000001 ;
25'h100000000000000000000001 ;
25'11000000000000000000000001 ;
25'h110;

25'h1010;

25'h10010;

25'h10000010;
25'h100000010;

25'h100000000010;
25'h1000000000010;

25 'bl0aa0ooaaonato;
25'1h100000000000010;
25'b1000000000000010;
25'1h10000000000000010;
25'1h100000000000000010;
25'b1000000000000000010;



12'h000000000011

12 h000000000101 -
12" h0000a000 1000 «
12" bOoaaao0 10000 :
12" bO0aaao010011 :
12" bO0aaa0100011 :
12" bO0aaa0100101 :
12" bO0aaa1001001 :
12" bO0aaa1010001 :
12" bO0a010010001 :
12" bO0a0 10100001 :
12" bO00100100001 :
12" h001001000001 ©
12'5010001000001 -
12'%010010000001 -
12'5100010000001 -
12'1100100000001 -
12" w001000000001 -
12'%010000000001 -

12'5100000000001 -

s data_guhit

data_guhit =
data_guhit =

data_gubit
data_gubit
data_gubit
data_gubit
data_gubit
data_gubit
data_gubit
data_gubit
data_gubit

data_gubit =
data_gubit =
data_guhbit =
data_guhit =
data_guhbit =
data_guhit =
data_guhit =

data_gubit

25'wl01;

25'h10001;

25100001 ;

25'h1000001;

25' 10000001 ;
25'h100000001 ;

25' 1000000001 ;

25' 10000000001 ;
25'h100000000001 ;
25'h1000000000001 ;

25' 1000000000000t ;
25'h100000000000001 ;
a5'h1000000a000aaaa1 ;
a5'h10000000000000001 ;
&5'h1000000000000000at ;
25'h1000000000000000aat ;
25'h1000000000000000aaa01 ;
25'h100000000000000000001 ;
25'h1000000000000000000001 ;

= 25'b100000000000000000000001 ;
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