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Fig.1 Reconciliation based on channel coding theory
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Fig.3 Diagram of the multi-level reverse reconciliation based on LDPC coding
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Fig.6 Schematic of the puncturing and shortening technologies
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Fig.7 Principle of the GPU-based parallel decoding process
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H199% PR IG5 P BE

2020 4F, LI &P 48 1 T 35T GPU 43 JZ S 5
2 3RS T QC-MET-LDPC fi%h i 5 2k 2 14 1 35 4%
Tho ZRE EEAHAES IR D) il T A R G
T B W AF B 25, R 78 B I B R0 A 9 A
F;2) SeB0 T 207 A7 i 2e 6, £ FIH GPU it
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XA 0.1 (100 X% 18). 0.05 (150 W& ) #1 0.02
(200 K % 4%) iy LDPC 1% 43 5| 52 B T 64.11 Mbits/s.,
48.65 Mbits/s F1 39.51 Mbits/s (1] i % 5 & , 5 3C ik
[26-27] #H ELFETH 24 2 % .
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A 5 8 3T 1 A B9 MET-LDPC % (% % 0.1, 0.05.
0.02 F1 0.01). 25045 R R W], FEAS 2 0.02 FIF M L
593 dB FS:HL T 98.8% WM AR, A tl 48 )5 PO 4
FHEE . FEAE 0.01 50T 2, 170 km &5 FE 5,
R4 0.26 LR AR R 95% B sk, K i s
FEfFHRAE T R AR A

2022 4F, WANG %PV 528 T 3R3) CV-QKD % 4t
10 T A 2 M, 38 2o g K A B T (LS 2 Ak A
AL MET-LDPC 24 5 A5 il i 2% Be RA iR 30356 ) 76
5~25 km &4 B B P SCEL T Gbps 1 201 2% B R
STE LRI, R FHZ M AR T AR BRI i HLA 4 i 2
ORI, BB A 43 ) 1K 3 52.48~190.54 Mbps
i 21.53~233.87 Mbps, H. I &% 3 46 A R K7 7E 95%
Db o BRI IR T %% 919 CV-QKD R 41
IR PR P A T AT, S AR R Bt - DR E £ )
R IR T AR

25 LTIk, J64F CV-QKD 4 LDPC i i 5T
PR 1 R

& 1 AL CV-QKD H#EMHhiEH LDPC B Rt R
Tab.1 Progress on LDPC codes for data reconciliation in fiber CV-QKD

Year Method Code rate SNR Reconciliation efficiency £
2006 1 SEC/LDPC 0.86 3 88.7%
20074 0.94 88.7%
2008 MD/LDPC 0.26 - 89%

201121 0.02 0.029 96.9%
3 MD/MET-LDPC
2015 0.02 - 96.9%
201717 SEC/LDPC - 1/3 95.0%/95.2%
2018 0.1/0.05/0.02 0.159/0.075/0.029 93.5/%95.4/%96.4%
- MD/MET-LDPC
2018 0.1/0.05/0.02 0.160/0.075/0.029 93.4%/95.8%/96.9%
201827 0.02 0.0284 99%
- MD/QC-MET-LDPC ’
2020 0.1/0.05/0.02 0.161/0.076/0.03 92.9%/94.6%/93.8%
202150 0.01/0.02/0.05 0.014/0.028/0.073 97.8%/98.8%/97.8%
(21 MD/MET-LDPC
2021 0.07/0.06/0.03 0.119/0.094/0.047 95.5%/95%/95.1%
202354 MD/TBP-LDPC 0.01/0.1 0.007/0.080
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Fig.8 Example of converting type description into rate 0.1 TBP
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AH L, P2 OR R TE AN G 0 figp A 22 AR B e A A 2 B 1Y
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[A] 4, CIL %553 $i Y Raptor-like LDPC %, fi# tk
T CV-QKD F ¢ H By RS A [ 3 7 7] i, 32275 58 i it
BB g b 25 R BT, X T 45 E Y SNR, REZTE 0.01~
0.2 B 83 6] N A 1 B AS 58, SE R A AR B I A50R
(>95%). BLEFF LM FF I CH+PEhy 52 Br i FHER (T
SERERIR TS, BROREE T e, A S ME
Y E RIS

3 BHZIE CV-QKD #iEhESH LDPC 55
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N2 BRI A R, A5 T B b A R Ik el
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7E e 0 SE 00 2 1w X WOk 2, S A i &SR] CV-
QKD Hy S Fr e 1 JE il

H H1 %5 (8] CV-QKD [l il i 2R i it 48007 3 %2 5%
Ry AR AR o BESE R, 3 S AR B AL Sh AR A
FE FH A BT A TRORS A AR 40, 33X 26 By A5 T R X
LDPC 5 5353 HE 7 B TR 1) B 3AY 3 1
BERE I LA XS SNR % 5l 2) B9 5 Ik SNR T #9240 5t
fig . DIHRLREA JC oG F R 28 (1) CV-QKD 58! i —
AR, I R R W BT R T g, (AT 2 LDPC 1Y
B i gh A N fe 77 . Mk, [ 23| CV-QKD
H ) LDPC i 30 200 3 {5 1 13 3 1 P F0 21 4
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I 9 R AN 35 2 IR

2017 4, LOPEZ A1 § 1 2 T 3 N A1 5 1Y
F H 23 8] CV-QKD R 48 )5 %8 ik SEat U I B ph =3
] O B % 1Y Rytov 7 22 94 %% LDPC 4 3, % 5 %2 A
52.5 kbit/s # 7+ & 140 kbit/s, 31 T 87.5 kbit/s, 755
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7% (d > 8), M9 1 Je i ik FRIS 43 M UE 5K 1 4 P i
HhE SR LY 1E 32 1A R 4 P R AE T QPSK, Fifi J5 45 A
TBP-LDPC %t 5 i 4 WA £ R, 38 23 00 1k i 4045 1
R AR ISR B AEN . TG REN, 5
1G5 2 e VbR L, = 4 Db 0 S A o T R A R,
TR TFIEEE L 165%, BLAb, i b s R, &
AR — 2 R 7.6%.

& 2 BHEZIE CV-QKD HiEHEH LDPC B R E
Tab.2 Progress on LDPC codes for data reconciliation in free-space CV-QKD

Year Method Code rate SNR Reconciliation efficiency £
2017, LEYVAM LDPC 0.33-0.75
2020, YING!™! QC-LDPC 0.33/0.32/0.31 0.65/0.64/0.62 91%/89%/88%
2024, KADIR™" TBP-LDPC 0.2-0.3 94%

4 4

LR G R T CV-QKD % 48 5 3 i
LDPC 5% i 53 it Ji, 51 AR T HAEREr fr A th 2
6] {538 Hh A PEREDL IR SRS . LDPC A5 AR A5 Hap i A Ak
PR AL HEPERE, © 4T CV-QKD RS £0E P i
BRI . TEOGEHFEE Y, 248 LDPC A it
LRI T 88.7% LA E BB R R, 1 MET-
LDPC S 7E AR AE W Fe (SNR=0.029) F B3R 42 T+
& 96.9%, % FF 140 km KB (L. A 48| CV-
QKD 751, Hi& W %% LDPC W45 & w4 h M R,
i B ] o R AR iR T 165%. BECFAEAL Ty i, GPU I
A7 Mg 5 B R it b B B B 58 1 64 Mbits/s, [7] B ID-
MSA SR AILBRAR T 25% THH 2 2% .

KA T TS CTELL T A1) 1) #% LDPC %
N N A WA (= A a8l N UL R G i
2) hAMRIE A SN A Pk LDPC 5 (14655 [ 38 i
SR, S PG I i A B AR R PE Y SR e Y . FE H
2 IV AL 2R T L ST 3 A 5 SR A 06 L, iR AR
T 5 0 3 35 T 38 4 3 1) A 00 R B T A 7 G5 3) R4
IR AL: 3 GPU/FPGA 25 3147 118 S A6 75 4 e

i FR R R AL ; 4) BT HORPRE]: #8K LDPC #5
gk A TG O P LA R BOR (Y RS T
%85 5) fF I - B P A1 8L R SR E s, s
T S R i L A 0 8 1 O O B SR K eI T
)4 R et b i e CV-QKD 7 & 2% {5 18 B v i) 56
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Advances in LDPC codes for continuous-variable quantum key

distribution: a comprehensive review
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2. Tianjin Key Laboratory of Wireless Mobile Communications and Power Transmission, Tianjin Normal University, Tianjin 300387, China)

Abstract:

Significance  Continuous-variable quantum key distribution (CV-QKD) has emerged as a prominent research
focus in quantum communication, owing to its cost-effectiveness and compatibility with existing optical
infrastructure. Nevertheless, achieving efficient data reconciliation under low signal-to-noise ratio (SNR)
conditions remains a critical challenge impeding its widespread deployment. Low-density parity-check (LDPC)
codes, recognized as a state-of-the-art error correction technique, have demonstrated significant potential for
enhancing post-processing efficiency in CV-QKD systems. Leveraging their sparse parity-check matrix structure
and iterative belief propagation decoding, LDPC codes enable robust error correction during quantum signal
transmission, thereby optimizing the reconciliation process. This comprehensive review systematically examines
recent advancements in LDPC code applications for both fiber-optic and free-space CV-QKD systems. The
review analyzes key developments in code design, decoding algorithms, and implementation strategies that have
contributed to improved reconciliation performance. Furthermore, The study identify promising research
directions that could address current limitations and facilitate the transition of CV-QKD technology from

experimental demonstrations to practical commercial applications.

Progress The evolution of LDPC codes in CV-QKD reconciliation can be categorized into three transformative
phases. Initially, traditional LDPC codes demonstrated promising results, achieving reconciliation efficiencies of
up to 88.7% at an SNR of 1.76 dB. However, their performance degraded significantly in ultra-low SNR regimes
(<0.1 dB), limiting their applicability for long-distance quantum communication. The second phase marked a
breakthrough with the introduction of multi-edge-type (MET) LDPC codes, which exhibited superior performance
in low-SNR conditions. These codes achieved remarkable reconciliation efficiencies of 96.9% at an SNR of
0.029 dB, enabling secure key distribution over distances extending to 140 km. Further enhancements were
realized through GPU-accelerated quasi-cyclic MET-LDPC (QC-MET-LDPC) variants, which pushed
reconciliation efficiencies close to 99% while maintaining high processing speeds. For free-space CV-QKD
systems, the dynamic and unpredictable nature of atmospheric turbulence poses additional challenges. Adaptive-
rate LDPC codes have been developed to mitigate these effects, dynamically adjusting code rates in response to
fluctuating channel conditions. These adaptive schemes have demonstrated significant improvements, boosting
key rates by 87.5 kbit/s in experimental settings. Moreover, the integration of type-based-protograph (TBP) LDPC
codes with high-dimensional reconciliation techniques has further enhanced performance, increasing secure key

rates by up to 165% compared to traditional methods.

Conclusions and Prospects LDPC codes have firmly established themselves as the foundational technology
for achieving high-efficiency reconciliation in CV-QKD systems. The development of MET-LDPC codes and

structured variants such as QC-MET and TBP LDPC codes has demonstrated transformative capabilities,
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delivering near-optimal reconciliation efficiencies (>96%) even in challenging low-SNR conditions (<0.03 dB).
These advancements have been instrumental in extending secure transmission distances beyond 140 km in fiber-
based systems while maintaining robust performance in turbulent free-space channels. Moving forward, five key
research directions is critical for future development: 1) Innovative LDPC architectures, such as hybrid Quasi-
Cyclic Accumulate-Repeat-Accumulate (QC-ARA) designs, to bridge the efficiency gap in ultra-low-SNR
regimes (<0.01 dB); 2) Dynamic adaptation mechanisms leveraging machine learning for real-time optimization
under channel fluctuations; 3) Hardware-algorithm co-design, aiming for high-throughput (>1 Gbps) FPGA/ASIC
implementations with improved energy efficiency; 4) Cross-layer integration strategies that unify LDPC
optimization with discrete modulation and post-processing to maximize end-to-end key rates; and 5) Synergy
between quantum-classical network architectures, including quantum repeaters and measurement-device-
independent protocols, to enhance scalability and practicality. To overcome these challenges, researchers must
focus on optimizing LDPC code performance, developing adaptive reconciliation protocols, and improving
hardware implementations. These advancements will enable the transition from experimental CV-QKD systems to
practical, high-speed quantum networks, establishing LDPC codes as essential components of future-proof

cryptographic infrastructure.

Key words: quantum communication;  continuous-variable quantum key distribution;  data reconciliation;

low-density parity-check code
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