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ABSTRACT Continuous-variable quantum key distribution (CV-QKD) systems face challenges in maintain-
ing efficient reconciliation over long distances due to the time variant signal-to-noise ratio (SNR) imposed
by channel quality fluctuations. Hence fixed-rate error-correction schemes using low-density parity-check
(LDPC) or Polar codes lead to high block-error rates (BLER) and degraded secret key rates (SKR). To
overcome this, we propose an incremental redundancy aided hybrid automatic repeat request (IR-HARQ)
protocol using rate-compatible Polar and LDPC codes. Explicitly, by puncturing a mother code and progres-
sively transmitting additional redundant bits, our method dynamically adapts the effective coding rate to the
prevalent channel conditions, achieving 2-3 dB SNR gains per retransmission. This adaptive strategy avoids
unnecessary redundancy in good channels and strengthens protection in poor channels, thereby improving
reconciliation efficiency. Simulation results show that our IR-HARQ scheme significantly enhances the
BLER, throughput, and secure transmission distance compared with single-transmission schemes. Moreover,
our study highlights that Polar IR-HARQ achieves superior performance in short block-length and low-SNR
scenarios, while LDPC IR-HARQ is more competitive for longer codes and higher SNR. These findings
confirm IR-HARAQ as an attractive and versatile reconciliation solution for real-world CV-QKD deployments.

INDEX TERMS Automatic repeat request (ARQ), continuous variable quantum key distribution (CV-QKD),
Polar code, secret key rate.

I. INTRODUCTION To mitigate these shortcomings, later developments

In continuous-variable quantum key distribution (CV-QKD),
reliable and efficient information reconciliation is critical for
achieving high secret key rates, especially over long distances
characterized by inherently low signal-to-noise ratios
(SNR). Early reconciliation schemes, such as the Cascade
algorithm [1] introduced by Brassard and Salvail in 1993,
and WINNOW [2] introduced in 2003, used interactive parity
checks and Hamming codes, respectively, to correct errors.
Although effective, these methods require multiple rounds of
classical communication, which increase latency and elevate
the risk of information leakage due to extensive interactivity.

focused on forward error correction (FEC) schemes utilizing
low-density parity-check (LDPC) codes [3], [4], [5].
These LDPC-based approaches significantly enhanced
reconciliation efficiency by reducing the number of required
communication rounds, but introduced challenges in
designing optimal parity-check matrices, especially for short
block lengths. More recently, polar codes have emerged as
promising alternatives due to their deterministic construction
and superior short-block performance compared to LDPC
codes. Jouguet et al. [6], Nakassis et al. [7], and Yan [8]
demonstrated the potential of polar codes in CV-QKD,

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

432

VOLUME 7, 2026


https://orcid.org/0009-0000-6504-7385
https://orcid.org/0009-0005-2601-6750
https://orcid.org/0000-0002-8423-0342
https://orcid.org/0000-0002-0930-7194
https://orcid.org/0000-0002-2636-5214
mailto:lh@soton.ac.uk

EEE

IEEE Open Journal of

Vehicular Technology

highlighting their improved secret key rates (SKR) using
successive-cancellation list (SCL) decoding.

Despite these advances, traditional reconciliation methods
based on fixed-rate LDPC and polar codes struggle to cope
with dynamically time-varying quantum channel conditions.
This inflexibility leads to increased block-error rates (BLER),
degraded secret key performance, and reduced adaptability
in practical deployment scenarios subjected to channel fluc-
tuations. Furthermore, existing fixed-rate approaches offer
limited flexibility in balancing the trade-offs among through-
put, latency, and secure transmission distance.

To address the need for dynamic rate adaptation, clas-
sical communication systems commonly employ Hybrid
Automatic Repeat Request (HARQ) and its incremental re-
dundancy variant (IR-HARQ), which provide robust adap-
tive mechanisms for error correction [9], [10], [11], [12],
[13]. HARQ methods incrementally transmit additional re-
dundancy based on real-time decoding feedback, enabling
adaptation without precise channel state estimation [14].
Rate-compatible (RC) codes complement HARQ by offer-
ing a single encoder/decoder pair that flexibly adjusts its
effective coding rate, significantly reducing implementation
complexity.

Glimiis et al. [15] recently introduced a protocol re-
ferred to as Multiple Decoding Attempts (MDA), which
can be regarded as a CV-QKD implementation of the
blind-reconciliation paradigm originally developed for DV-
QKD [16]. In MDA, Bob performs iterative LDPC decoding
and, upon failure, progressively discloses portions of his
information bits to Alice, thereby gradually reducing the
effective code rate and enhancing the decoding success proba-
bility without explicit SNR estimation. Although this adaptive
redundancy-based strategy improves reliability, it increases
the classical information leakage that must be subtracted from
the secret-key rate (SKR).

By contrast, the proposed IR-HARQ framework introduces
incremental redundancy in the quantum domain rather than
through classical bit disclosure. Specifically, the proposed
IR-HARQ transmits additional Gaussian-modulated variables
on demand to regenerate finite-valued log-likelihood ratios
(LLRs) at the receiver with the aid of the multidimensional
reconciliation algorithm [5], [17], enabling iterative soft-
information refinement without revealing information bits.
Blind reconciliation (including MDA) instead adjusts relia-
bility by revealing bit values (forcing LLRs to +00), while
rate-adaptive schemes rely on a priori SNR estimation for
single-shot rate selection. In contrast to these approaches, IR-
HARQ incorporates structured quantum retransmissions with
the aid of modest classical signaling (ACK/NACK and frozen-
bit indices), preserves secrecy, and achieves SKR-aware rate
adaptation through feedback-driven redundancy scheduling.

Overall, while all three protocols share the objective
of adaptive-rate reconciliation, they differ fundamentally in
terms of both their operation domain and security level: MDA
and rate-adaptive methods operate purely in the classical do-
main, whereas IR-HARQ extends the incremental redundancy
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concept into the quantum layer, enabling continuous soft-
information refinement under information-theoretic security
constraints.

Motivated by these advantages, we propose a novel IR-
HARQ-based reverse reconciliation (RR) protocol tailored
for CV-QKD systems using rate-compatible polar and LDPC
codes. For polar codes, our scheme leverages a single mother
code with block length N =512 and nominal code rate
R = 0.5, initially punctured to an effective rate of R = 0.70
(transmitting 366 bits). In response to decoding failures, our
protocol incrementally retransmits the most reliable frozen
bits, as determined by Gaussian-approximation reliability
metrics, sequentially lowering the effective code rate to R =
0.63 (427 bits) and ultimately to R = 0.52 (512 bits). For
LDPC codes, we adopt a parity-bit puncturing strategy, where
only a subset of parity bits is transmitted initially, in addition
to the information bits. At the decoder, the punctured bits are
initialized as 0/1 with equal probability to facilitate decoding.
Successive transmissions then replenish the punctured parity
bits until the mother code is fully restored, ensuring that both
0.5-rate coding families can be compared under the same
IR-HARQ framework in a fair fashion.

The primary contributions of this work are listed at Table I
and summarized as follows:

® We propose the first quantum-domain incremental
redundancy (IR-HARQ) based reconciliation frame-
work for continuous-variable quantum key distribu-
tion (CV-QKD). In contrast to classical IR-HARQ -
which transmits extra parity bits — our technique per-
forms incremental quantum-variable disclosure that
refines soft information for improved decoding. Each
newly transmitted Gaussian variable is mapped, via
multidimensional reconciliation, into additional LLR
evidence, which Alice beneficially fuses with the pre-
viously received information through soft-combining.
This establishes a direct bridge between quantum-
domain redundancy and classical-domain decoding reli-
ability, achieving SKR-driven adaptivity while maintain-
ing information-theoretic security.

® The proposed protocol employs rate-compatible polar
and LDPC codes derived from a single mother code
(N =512, R = 0.5). By puncturing the mother code to
an initial high rate (e.g., R = 0.70) and then progres-
sively disclosing the additional quantum variables that
Bob requests Alice to generate in each retransmission
round (e.g., R = 0.63 — 0.52), the system achieves dy-
namic rate adaptation without prior SNR estimation.
This blind adaptation capability ensures robust opera-
tion over time-varying quantum channels, including fiber
links and potential free-space optical (FSO) scenarios.

e A reliability-driven frozen-bit scheduling algorithm
is designed for polar codes based on Gaussian-
approximation metrics, determining the most informa-
tive quantum variables to be released first. Similarly,
an adaptive parity-bit puncturing and replenishment
strategy is also developed for LDPC codes. These
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TABLE 1. Novel Contributions of This Work in Comparison to the State-of-The-Art Schemes

Contributions

This work | (7] [ (18] [ (191 [ 1200 [ 121 [ 221 [ 1231 [ 1) [ 151 [ 1171 |

CV-QKD v v v v v v v v v v
Soft-decoding based frozen-bits index v v v v v v v v v v
Fixed code rate scheme v v v v v v
Adaptive rate scheme reconciliation v v v v

IR-HARQ reconciliation for CV-QKD v

Frozen-bit redundancy selection rule for IR-HARQ v

Variable coding scheme and code length v

Enhanced secure distance under fixed bit budget v

mechanisms prioritize the incremental disclosure of
high-impact variables, accelerating decoder convergence
and minimizing retransmission overhead.
Comprehensive system-level simulations — including
BLER, throughput, secure distance, and latency —
demonstrate that the proposed IR-HARQ framework ef-
fectively balances efficiency, reliability, and delay. Each
incremental redundancy round yields approximately 2—
3 dB SNR improvement, extending secure transmission
distances beyond conventional single-shot polar and
LDPC reconciliation schemes under identical block-
length constraints. Moreover, polar-coded IR-HARQ
performs better at short block lengths and low SNRs,
while LDPC-coded IR-HARQ becomes advantageous
at higher SNR and larger block sizes.

This work establishes a unified SKR-aware adapta-
tion framework that jointly exploits quantum-domain
incremental redundancy and classical soft-information
refinement, providing a principled pathway toward adap-
tive, efficient, and secure CV-QKD implementations for
both fiber-based and FSO environments.

The remainder of this paper is organized as follows.
Section II provides some preliminaries on HARQ, Polar,
and LDPC codes. Section III describes the IR-HARQ
reverse-reconciliation protocol in detail, including the
puncturing strategy, frozen/parity-bit scheduling, and
retransmission procedures. Section IV derives analytical
expressions for the SKR under collective Gaussian attacks,
incorporating reconciliation efficiency and finite-block-length
considerations. Section V presents a thorough performance
analysis, comparing their BLER, throughput, secure distance,
and latency against conventional schemes. Finally, Section
VI concludes with a summary of key findings and highlights
directions for future research.

Il. PRELIMINARIES

A. HARQ

HARQ beneficially integrates the principles of automatic re-
peat request (ARQ) and forward error correction (FEC) for
improving both communication reliability and throughput ef-
ficiency [13]. Pure ARQ requires repeated retransmissions
of entire packets without utilizing previously received infor-
mation, which leads to unnecessary redundancy, when errors
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are sparse. Conversely, pure FEC may inefficiently allocate
resources by transmitting an excessive number of parity bits
even under favorable channel conditions. The integration of
ARQ and FEC therefore allows HARQ to dynamically bal-
ance error-correction capability with retransmission overhead,
adapting more effectively to time-varying channel qualities.

Early HARQ implementations, such as Type I HARQ [24],
operate by transmitting identical packets comprising both in-
formation and parity bits at every transmission attempt. At
the receiver, each retransmission is decoded independently
without combining with earlier ones. Although this approach
is conceptually simple and straightforward, it may result in
inefficient bandwidth utilization, since retransmitted packets
often contain redundant parity information that does not nec-
essarily improve decoding performance.

To address these inefficiencies, Type I HARQ [25] intro-
duces the concept of incremental redundancy (IR). Instead of
resending identical packets, Type Il HARQ initially transmits
only the information bits. If decoding at the receiver fails,
subsequent retransmissions provide additional parity bits that
are combined with the previously received data to enable
joint decoding. This mechanism ensures that redundancy is
supplied on demand: reliable blocks consume minimal band-
width, while unreliable blocks progressively gain additional
protection. As a result, Type II HARQ improves both decod-
ing reliability and spectral efficiency across a broad range of
channel conditions.

Further extending this principle, Type IIl HARQ [26], [27]
employs retransmissions of differently structured redundancy
packets. Each packet is independently decodable, yet when
combined with earlier packets they enhance decoding accu-
racy. This strategy provides higher throughput and robustness
by progressively supplying complementary parity informa-
tion, thereby supporting flexible decoding strategies tailored
to the instantaneous channel quality experienced.

In terms of packet combining at the receiver, HARQ
schemes primarily employ two approaches: Chase Combin-
ing (CC) [28] and IR based combining [29]. CC aggregates
soft information from multiple noisy replicas of the same
packet, thereby providing diversity gain. By contrast, IR-
based schemes transmit distinct sets of parity bits in each
retransmission, which can be progressively combined with
previously received packets. This approach reconstructs the
original message with higher decoding efficiency compared to
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repetition-based methods, particularly in challenging channel
conditions.

In summary, these developments highlight the strength of
HARQ in providing robust error correction, reduced retrans-
mission overhead, and improved throughput under fluctuating
channel quality. In this work, we focus our attention on Type II
IR-HARQ, as it enables incremental transmission of redun-
dancy bits, making it especially well suited for CV-QKD
scenarios, where the SNR varies significantly with distance.

B. POLAR CODE AND PUNCTURING ALGORITHM

Polar codes, first introduced by Arikan [30], represent a class
of near-capacity error-correcting codes suitable for Binary
Discrete Memoryless Channels (BDMCs). Unlike Turbo and
LDPC codes, Polar codes benefit from deterministic code
construction, simpler encoding and decoding algorithms. Fur-
thermore, their hardware complexity scales linearly with the
code length [31].

Polar coding relies on the principle of channel polarization,
which transforms a set of N identical channels into polar-
ized channels comprising K highly reliable (good) channels
and (N — K) unreliable (bad) channels. The original infor-
mation bits are transmitted exclusively through these reliable
channels, while predetermined frozen bits, known to both
encoder and decoder, are transmitted through the remaining
less reliable channels. The Polar encoding operation can be
mathematically formulated as:

lev =u11VGN, @))

where X11V is the encoded bit sequence, while u11V includes both
information bits (ua ) and frozen bits (u,c). Furthermore, Gy
is the Polar generator matrix defined as:

Gy = ByF$", @)

with Fp = (} ?) representing the Polar kernel matrix, and

®n denoting the n-th Kronecker power. The bit-reversal per-
mutation matrix By separates odd-indexed and even-indexed
input bits recursively. Consequently, Polar encoding can also
be expressed as:

Xllv =upaGa D u,cGyc, (3)

where G5 and G,c denote sub-matrices extracted from the
generator matrix Gy corresponding to information and frozen
bit indices, respectively.

We introduce an IR-HARQ scheme based on Polar codes
initially employing puncturing, followed by the successive
incremental transmission of the previously punctured frozen
bits. The primary idea of the proposed scheme is as follows:
we start from a mother code having a fixed low-rate (e.g.,
0.5) to ensure robust error correction capabilities. Initially,
this mother code is punctured to achieve an arbitrary higher
code rate suitable for the prevalent channel condition (for
instance, rate 0.7). The puncturing is performed by selectively
removing frozen bits from the mother code based on their
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relative reliability [32], retaining the bits having the highest
reliability for initial transmission.

If the initial decoding attempt at this higher code rate is
unsuccessful, the proposed IR-HARQ mechanism is activated.
Subsequent retransmissions are conducted incrementally by
releasing previously punctured frozen bits. Specifically, if the
initial transmission at rate (0.7 fails, the scheme retransmits
the next most reliable frozen bits in the reliability rank or-
der corresponding to the intermediate code rate (e.g., 0.6). If
decoding continues to fail, additional retransmissions follow,
progressively transmitting the remaining originally punctured
frozen bits in order of decreasing reliability, until either suc-
cessful decoding occurs or all bits from the mother code have
been utilized.

This progressive approach leverages channel polarization to
prioritize the retransmission of frozen bits based on their reli-
ability ranking, effectively adapting the redundancy provided
for the receiver. Consequently, the proposed scheme achieves
flexible rate-compatibility and improved reliability, maintain-
ing high throughput at favorable channel conditions, while
significantly enhancing decoding performance and hence the
SKR or distance under adverse conditions.

1Il. SYSTEM MODEL

The CV-QKD system establishes a connection between a pair
of legitimate users, typically referred to as Alice and Bob.
Initially, Alice generates Gaussian-modulated coherent states
and transmits them to Bob over a quantum channel. Subse-
quently, Bob randomly measures one of the quadratures using
homodyne detection.! After this quantum transmission phase,
both parties engage in classical post-processing by exchang-
ing necessary information through a public classical channel,
with the aim of deriving secure secret keys [5]. The classical
post-processing comprises two primary steps: reconciliation
and privacy amplification. During reconciliation, Alice and
Bob utilize FEC codes to generate matching reconciled keys.
Following reconciliation, privacy amplification is applied to
further minimize the potential information accessible to any
eavesdropper.

A. GENERAL CV-QKD PROTOCOL

Fig. 1(a) illustrates the general progress of CV-QKD systems,
including quantum-domain (QD) transmission and classical
post-processing. After the coherent states modulated by Gaus-
sian variables are transmitted from block (1) to block (2)
over the quantum channel, the same number of Gaussian vari-
ables is prepared related as the block length of the mother
code in this process. Alice and Bob proceed to sift their
raw keys from blocks (3) and (4). These keys are correlated,
i.e. they exhibit similarity, but may have been affected by
channel impairments. Subsequently, Alice and Bob perform
multidimensional reconciliation relying on error correction, as

't is important to note that heterodyne detection requires measurement of
both quadratures.
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FIGURE 1. (a) General CV-QKD system including quantum transmission and classical post-processing and (b) toy example of IR-HARQ polar-coded RR

scheme.

illustrated in Fig. 1(b). The detailed description of the general
CV-QKD progress is provided below.

1) Alice and Bob firstly normalize their sifted key at the
output of blocks (3) and (4) in the form of Gaussian
variables within blocks (5) and (6) as follows:

_ X Y
x|l Iyl
Then Bob maps bit stream b’ which is encoded by a
Polar code as illustrated in Fig. 1(b) onto the unit sphere
(—1)’b

in block (7) as follows? [33]:
. 5
— ) &)

(DY (=D

\vD ' VD'
Bob generates a mapping function in block (8) based on
the unit sphere u and its normalized Gaussian variables
y’, as follows [33]:

/

“)

2)

3)

~ >ty

where we have oy (y', u) = (Azy’)" uand A, represents
a family of D orthogonal matrices.
Alice then applies the same mapping function gleaned
from Block (8) as Bob signaled over the public channel
to her normalized data x’ to get v in block (9), which is
a noisy version of u. Based on this observation, it was
demonstrated in [5], [33] that the quantum channel of a
CV-QKD system can be characterized by a binary-input
additive white Gaussian noise (BI-AWGN) model.
Finally, Alice carries out Polar-code based RR in
Fig. 1(b) to get the reconciled key.

The processes in block (1) to (9) of Fig. 1(a) establish the
equivalent quantum channel in block (6) of Fig. 1(b), where

u) Ay, (6)

4)

5)

2We note that the dimension normally takes D=1,2,4,8. But it was shown
in [33] that D=8 has the best BLER, hence D=8 is the default choice in this
paper.
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the input is b’ and b” and the output is v and v’, respectively.
Traditional QKD channel models frequently adopt a Gaussian
noise approximation to characterize quantum channel imper-
fections [17], [34].

While fiber channels are generally stable after calibra-
tion, it should be noted that the optical signals used in
CV-QKD are extremely weak and thus highly sensitive to
small environmental fluctuations such as temperature drift,
polarization rotation, and mechanical vibration, particularly in
metro-access networks [35], [36]. Hence, adaptive reconcili-
ation schemes like the proposed IR-HARQ provide enhanced
robustness against such residual variations. But, the underly-
ing principle of incremental redundancy offers a promising
solution for dynamic free-space optical (FSO) links, where
atmospheric turbulence and pointing errors cause strong trans-
mittance fluctuations [37]. Although the present work focuses
on fiber-based CV-QKD, extending the IR-HARQ concept to
satellite or FSO scenarios constitutes an interesting direction
for future research.

B. IR-HARQ POLAR-CODED RR SCHEME

This scheme shows the SCL decoding based IR-HARQ Polar-
coded CV-QKD reconciliation scheme of Fig. 1(b) relying
on the idealized simplifying assumption of having error-free
transmission of the side information. The frozen bit indices
represent the side information, which are transmitted over the
public channel from Bob to Alice. The operation is described
below.

1) In block (1) of Fig. 1(b), Bob generates an initial raw
key stream by employing a quantum random number
generator (QRNG). As an illustrative example, we con-
sider a half-rate Polar code with parameters [8,4], where
Bob’s generated raw key sequence is denoted as b =
[1,1,1,1].

Given that the equivalent channel model is a BI-
AWGN channel, the Gaussian approximation method
described in [38] is utilized to determine the frozen-bit

2)
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indices. Under a specific predetermined design-SNR?
scenario [39], selected because the actual quantum-
channel conditions are assumed unknown in practice,
the set of frozen indices obtained is A€ = {1,2, 3,5},
as shown at the output of block (2).

3) Next, in block (4), Bob encodes the information bits b
using the Polar encoder in conjunction with the frozen
indices A€ obtained from block (2). This produces the
non-systematically encoded Polar bit sequence, repre-
sented as [b”,b'] =1[0,1,1,0,1,0,0, 1].

4) In the subsequent puncturing stage at block (5), Bob
selectively punctures the encoded bit sequence based
on the bit-channel reliability metrics [32]. In this illus-
trative scenario, indices A€ = {1, 2} correspond to the
least reliable bit-channel positions. Thus, the bit stream
to be transmitted over the quantum channel of block
(6) becomes b’ =[1,0, 1,0, 0, 1], while the bits b” =
[0, 1] are retained by Bob for potential transmission in
case of decoding errors.

5) Simultaneously, Bob conveys the indices of the frozen
bits A€ = {1, 2, 3, 5} to Alice via an error-free classical
auxiliary channel in block (7) in supporting of Alice’s
decoding procedure.

6) Alice then receives a noisy version of Bob’s transmit-
ted bit sequence through the hostile quantum channel,
represented by v =[1,0, 1,0, 0, 0], which contains a
single bit error in the last position. By utilizing the
frozen-bit indices received through the classical chan-
nel, Alice performs Polar decoding at block (8). Due
to the absence of the bits in the punctured positions
AC = (1,2}, the log-likelihood ratios (LLRs) for these
positions are initially set to zero during the decoding
process. This corresponds to having both 0 and 1 with
0.5 probability in these positions.

7) Following decoding within block (9), Alice assesses
the decoding outcome. If successful, Alice discards
the bits associated with the frozen indices and extracts
the remaining decoded bits as her reconciled key b=
[1, 1, 1, 1], as shown at the output of block (10).

8) If decoding fails, Alice evaluates whether the number
of retransmissions has reached the predefined maximum
(max iter). If the limit is exceeded, the current key
block is discarded, and reconciliation fails. Otherwise,
Alice requests the further transmission of punctured bits
from Bob, who then sends the previously punctured bits
having the next highest reliability from block (5). In
the current example, only two punctured bits remain
(b” = [0, 1]), both of which are then transmitted. Alice
updates the previously zero-valued LLRs accordingly
with newly received bit information, hence enhancing
the decoding reliability for positions A¢ = {1, 2}.

3We provide a value for system to determine the frozen bits indices using
Gaussian approximation method, this value can be chosen by different block
length, coding rate.etc.
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In this work, the standard parameter-estimation (PE) and
privacy-amplification (PA) stages of CV-QKD are explicitly
included after reconciliation. The proposed IR-HARQ mech-
anism modifies only the reconciliation step by adaptively
generating and transmitting extra quantum-domain variables
based on the previous decoding outcomes, while the equiva-
lent BI-AWGN model is employed solely for the analytical
evaluation of 8 and SKR. The overall security framework
— including the estimation of channel transmittance 7, total
excess noise &1, and the finite-block size based correc-
tion A(n) — remains identical to conventional CV-QKD. In
contrast to conventional rate-adaptive schemes that fix the
code rate according to a single estimated SNR obtained
from PE, the proposed IR-HARQ dynamically adjusts re-
dundancy via multiple feedback rounds. This decoupling of
PE and reconciliation ensures that the system maintains full
information-theoretic security while providing robust, real-
time adaptation to varying channel conditions.

C. IR-HARQ LDPC-CODED RR SCHEME

LDPC codes constitute a class of linear block codes char-
acterized by a sparse parity-check matrix (PCM) H of size
(N—K) x N, where N denotes the block length and K is the
number of information bits, giving a code rate of R=K/N.
Each row of H contains d. ones (check-node degree) and
each column d,, ones (variable-node degree). The PCM can be
visualized as a bipartite Tanner graph [40] connecting variable
and check nodes whenever H; j=1. For example, a regular
(10,5) LDPC code associated with d,=2 and d.=4 has

1111000 O0O0O
0 00O0OT1T1T1TT1TTO0ODO0
H=/0 0 0 00 01 1 11
1 1001 1 0O0O0O0
001 1 001 10O

The benchmark PCMs used in this work follow the design
procedures of [41].

For the LDPC-based IR-HARQ scheme, the transmission
process is implemented through puncturing and incremental
transmission of parity bits [42]. Specifically, the mother code
is first punctured by uniformly [43] removing a portion of
the parity bits, so that only the information bits and a sub-
set of parity bits are transmitted in the initial round. This
parity-only puncturing is standard in rate-compatible LDPC
designs and enables using the same decoder across rates [42].
For example, a mother code with rate R = 0.5 can be punc-
tured to R = 0.7 in the initial transmission. If decoding fails,
transmission proceeds by sequentially supplementing the pre-
viously punctured parity bits, thereby reducing the code rate to
R = 0.6. In the case of a second retransmission, the remaining
parity bits are transmitted, restoring the unpunctured mother
code of rate R = 0.5.

This procedure ensures that the incremental redundancy
mechanism of LDPC follows a structure analogous to that of
Polar codes: each extra transmission progressively reduces the
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effective code rate by providing additional parity information,
thereby enhancing the decoding reliability, while maintain-
ing flexibility in terms of throughput adaptation. The belief
propagation (BP) decoding is used for LDPC codes, while the
structure of LDPC codes and the associated decoding com-
plexity comparison between Polar and LDPC are elaborated
in [17].

Although binary rate-compatible polar and LDPC codes
are used in this work for implementation convenience, the
proposed IR-HARQ framework is generic and can incorporate
other code families. As a design alternative, non-binary and
multi-edge LDPC codes achieve excellent reconciliation effi-
ciency in the very-low-SNR regime of CV-QKD [44]. Their
flexible degree distributions allow near-capacity performance,
but the irregular graph structure and multi-edge message-
passing operations substantially increase the decoding com-
plexity, which in turn complicates incremental-redundancy
decoding and code-rate scheduling. By contrast, binary rate-
compatible designs enable deterministic puncturing and re-
plenishment across retransmission rounds, supporting fast
feedback-driven adaptation across a wide range of SNRs.
Future work will investigate the feasibility of integrating non-
binary or multi-edge LDPC constructions into the IR-HARQ
framework to further enhance performance at extremely low
SNRs.

IV. SECRET KEY RATE ANALYSIS

A. REVERSE RECONCILIATION

Since collective attacks* and finite-length codes are consid-
ered, the SKR for a CV-QKD system using RR is defined
as [5]:

K*R =y (1 — 0)[Blap — xpE — A1, (7)

where y indicates the specific fraction of key extractions by
Eve, normalized to the total amount of data exchanged be-
tween Alice and Bob. Additionally, 6 represents the BLER
estimated during reconciliation. In Equation (7), I4p denotes
the classical mutual information shared between Alice and
Bob based on correlated data, while ypg represents Eve’s
extractable amount of Holevo information [48]. The term An
quantifies the reduction in SKR due to finite block-length
effects.

The finite-size offset factor A(n) accounts for the statis-
tical deviation caused by finite-length parameter estimation.
As established in [49], for block sizes satisfying n > 104, it
simplifies to:

2
Alm)~ 7 % ®)

where € represents the protocol’s security failure probabil-
ity, widely set as € = 107! in the literature [49]. In our

“In the security analysis of CV-QKD protocols, like the collective Gaus-
sian attacks [45] represent the most significant family allowed by quantum
mechanics [46]. The detailed framework for collective Gaussian attacks is
explicitly outlined in [37], [47].
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framework, the block size selected is n = 10'2, commonly
employed in benchmark studies such as [5].

The reconciliation efficiency § in (7) is calculated accord-
ing to [50]:

T T T
ﬁ = = = = ) (9)
C 0.5log, (1 + SNRg) 0.5log, (1 + %)
where Y is the measured throughput,
K
T=—, (10)
N

with K denoting the number of information bits and N repre-
senting the average number of transmitted bits until successful
decoding is achieved. Here SNRyg represents the simulated
SNR corresponding to the BLER equal to 10~!. The mutual
information between Alice and Bob is expressed as [51]:

1 1 V+ gtotal
Iip= =1 1+ SNR =1 — ). (11
AB 3 og, (1 + target) 3 Og2< 1+ ol (11)

where SNRuge is adjusted to the same as SNRg via power
control of V, which is the variance of Alice’s initially trans-
mitted signals defined by V = Vg 4 1, with Vs representing
the variance of Gaussian signals used in CV-QKD modula-
tion [5]. Additionally, &, denotes the total receiver noise,
expressed as:

Shom
Ten

Etotal = Eline + , (12)

where &, = ve 1 s the homodyne detector’s noise,
with v,; representing electronic noise, and 1 denoting detec-
tion efficiency. The channel-induced noise is &, = (ﬁ —
1) + e, with T, as channel transmittance and ¢ as the ex-
cess noise, including modulation, phase-recovery, and Raman
noise [51]. Excess noise is measured in terms of shot-noise
units (SNU), normalized by the shot-noise power [52]. As-
suming a single-mode fiber channel having an attenuation
of o = 0.2 dB/km, the channel path-loss is given by T, =
10~%4/10 where d is the distance between the communicating
parties.
The Holevo information between Bob and Eve is calculated
as [51]:
XBE = SE — S(E|B) = SaB — S(E|B)> (13)

where S is the von Neumann entropy, defined in [48]. For
Gaussian states, von Neumann entropy is related to the sym-
plectic eigenvalues [53]:

S = hf), (14)
f

where we have:

1 1 —1 —1
h(f)=(—f;r )logz(f;r )—<f2 >log2(—f2 )

5)

Finally, the Holevo information is:

xse =h(f1) +h(f2) —h(f3), (16)
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TABLE 2. Simulation Parameters Used in Paper

| Parameter | Value |
Coding type Polar code, LDPC
code
Block length 512, 1024, 2048
Decoding algorithm SCL for Polar (L =

16), BP for LDPC
N =512, R=0.5

Mother code

Modulation BPSK
Equivalent quantum channel | BI-AWGN
Classical channel Error-free

—4—Design SNR = 1.0 dB

0 L
10 ‘ ‘ Design SNR = 2.0 dB
-8-Design SNR = 3.0 dB
—v—Design SNR = 4.0 dB
-%-Design SNR = 4.5 dB
—%—Design SNR = 5.0 dB
107!
oc
m \
J \\
m \
\
10 \
\
\
\
\
\
\
\
\
\
\) “
\
10 S

-1 2 3
SNR (dB)

FIGURE 2. BLER performance comparison for different design-SNR values.
The block length and coding rate of the Polar code are 512 and 0.5,
respectively. SCL decoding with L = 16 is used.

where f1, f» and f3 are symplectic eigenvalues of Syqp and
S(e|)- The SKR is then obtained by substituting (11) and (16)
into (7).

V. SYSTEM PERFORMANCE

A. CLASSICAL IR-HARQ PERFORMANCE

The simulation parameters are summarized at Table II, Fig. 2
shows the BLER performance of a Polar code with block
length N = 512 and code rate R = 0.5 under different design-
SNR values. The results demonstrate that an excessively low
design-SNR (e.g., 1.0 dB) results in a significant rightward
shift of the BLER curve, requiring nearly 2.7 dB SNR to
reach BLER = 1072, By contrast, higher design-SNR values
between 4.0 dB and 5.0 dB achieve the best performance,
and 4.5 dB, which yields the steepest BLER drop. Thus, a
design-SNR in the range of 4-5 dB provides the most fa-
vorable error-rate performance for the mother code chosen.
Different block lengths require different design-SNR.

Figs. 3 and 4 present the same BLER dataset under two
standard normalization metrics. Fig. 3 plots BLER versus
SNR, while Fig. 4 uses E;,/Np, where the two scales satisfy
EL/No = SNR + 101log;¢(R.). The apparent horizontal shift
between the curves arises naturally from this relation for dif-
ferent code rates (R,=0.9 to 0.5). Thus, both plots are retained
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FIGURE 3. BLER performance versus SNR, where black continuous lines
represent punctured results using a Polar mother code of N =512,R=0.5
and red dashed lines represent different codes using the same block
length.

—4—256/284 R=0.9
|—©—256/320 R=0.8
—8—256/366 R=0.7
—6—256/427 R=0.6
-A-460/512 R=0.9
-©-409/512 R=0.8
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FIGURE 4. BLER performance versus Eb/NO, where black continuous lines
represent punctured results using a Polar mother code of N =512,R=0.5
and red dashed lines represent different codes using the same block
length.

to offer complementary channel-domain and rate-normalized
perspectives of the BLER performance. Explicitly, the dis-
crepancy between the two scales is a direct function of the
code rate.

B. ARQ AIDED RR PERFORMANCE ANALYSIS

1) BLER AND THROUGHPUT V.S. SNR PERFORMANCE

The BLER performance of Type I ARQ with N =512, K =
256, and R = 0.5 seen in Fig. 5 reveals distinct differences
between Polar and LDPC codes. For the initial transmission,
Polar codes outperform LDPC codes, achieving noticeably
lower BLER at the same SNR, which indicates their supe-
rior finite-length performance for short blocks. Observe that
both coding schemes benefit from accumulated redundancy,

439



WANG ET AL.: RATE-COMPATIBLE POLAR- AND LDPC-CODED HYBRID ARQ AIDED REVERSE RECONCILIATION IN CV-QKD

ype-l ARQ _BLER Performance (N=512, K=256, R=0.5)
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\ |-©-One trans (LDPC)
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o
L
-
[11]
102F ]
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1
10° ‘
-6 -4 -2 2 4

SNRq(dB)

FIGURE 5. BLER performance versus SNR of Type | ARQ comparing LDPC
(dashed line) and Polar codes (solid line).
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FIGURE 6. BLER performance versus SNR of Type Il ARQ comparing LDPC
(dashed line) and Polar codes (solid line).

leading to considerable SNR gains and leftward shifts of the
BLER curves. Nevertheless, Polar codes consistently maintain
an advantage over LDPC codes, achieving a target BLER
at lower SNR values across all transmission rounds. These
results demonstrate that under Type I ARQ, Polar codes are
more suitable for scenarios having strict reliability require-
ments and limited block length, since they require lower SNR
to achieve the same performance compared to LDPC codes.
Figs. 6 to 8 illustrate the detailed retransmission evolution
of the proposed Type II IR-HARQ scheme for both Polar and
LDPC codes. Each color represents a distinct transmission
round: the red curve corresponds to the initial transmission
(r=0), the blue curve to the first retransmission (r=1), and
the green curve to the second retransmission (r=2). For each
stage, both the block error rate for the polar code (solid
lines) and the LDPC code (dashed lines) are plotted under the
same mother-code configuration. As incremental redundancy
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FIGURE 7. BLER performance versus SNR of Type Il ARQ comparing LDPC
(dashed line) and Polar codes (solid line).

pe Il HARQ BI7§R Performance (N=2048, K=1024)

T —O— Initial transmission (Polar)

—E Up to First retransmission (Polar)

\ —ﬁ Up to Second retransmission (Polar)
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Up to Second retransmission (LDPC)

107 —
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FIGURE 8. BLER performance versus SNR of Type 1l ARQ comparing LDPC
(dashed line) and Polar codes (solid line).

accumulates, the BLER curves progressively shift leftward,
indicating lower required SNR for successful decoding, while
the throughput decreases slightly due to additional trans-
mitted bits. This joint presentation explicitly reveals how
IR-HARQ dynamically trades redundant transmission for re-
liability enhancement, allowing direct comparison of Polar-
and LDPC-coded implementations across all retransmission
rounds.

Figs. 9— 12 summarize the BLER and throughput of both
Type I ARQ and Type II IR-HARQ schemes for Polar- and
LDPC-coded reconciliation. For clarity, the colors indicate
the retransmission round—red, blue, and green correspond to
the initial transmission (r=0), first retransmission (r=1), and
second retransmission (r=2), respectively. Furthermore, the
line style in each plot matches the coding family (solid for
Polar, dashed for LDPC).
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FIGURE 9. BLER performance of the Type | ARQ scheme for each stage of
system and also the system throughput (Polar mother code of
N =512, K = 256).
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FIGURE 10. BLER performance of the Type |1 ARQ scheme for each stage of
the system and also the system throughput (LDPC mother code of
N =512, K = 256).

In Figs. 9-10, corresponding to Type I ARQ, the BLER
curves shift leftward with each retransmission, demonstrating
that accumulated redundancy improves reliability at lower
SNR. However, this comes at the expense of reduced through-
put, which monotonically decreases from Y=0.50 for the
first transmission to Y'=0.25 and T=0.17 after the first and
second retransmissions, respectively. Polar codes maintain
steeper BLER slopes and achieve the target BLER values at
lower SNR compared to LDPC, confirming their advantage in
finite-length operation.

By contrast, Figs. 11-12 (Type II IR-HARQ) exhibit both
improved reliability and sustained throughput under incre-
mental redundancy. Each additional retransmission supplies
additional frozen or parity bits, reducing the SNR thresh-
old required for successful decoding, while retaining higher
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FIGURE 11. BLER performance for each stage of Polar-coded Type Il ARQ
system and also the system throughput (mother code of
N =512, K = 256).
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FIGURE 12. BLER performance for each stage of LDPC-coded Type 1l ARQ
system and also the system throughput (mother code of
N =512, K = 256).

throughput than Type I ARQ (e.g., T=0.70— 0.63 — 0.52
for Polar, and T=0.70— 0.59— 0.51 for LDPC). In con-
trast to Type I, where retransmissions only consume extra
bandwidth, Type II IR-HARQ leverages soft-information
combining to enhance decoding reliability and maintain
higher reconciliation efficiency across retransmission stages.
Polar-coded IR-HARQ shows clear benefits in the low-SNR
region, whereas LDPC becomes competitive at higher SNRs
and longer block lengths. These results collectively confirm
that the proposed IR-HARQ achieves superior reliability—
throughput trade-offs compared to classical domain ARQ,
while preserving the complementary strengths of Polar and
LDPC codes within a unified adaptive reconciliation frame-
work.

Tables 3 and 4 summarize the SNR—throughput relation-
ships obtained from the simulation results seen in Figs. 9—12.
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TABLE 3. SNR-Throughput for Each Stage of Polar and LDPC Codes
(N =512,K = 256, Type I)

[ Code | Stage | T[sNR@B)| K| N |
Initial 0.50 1.24 1256 | 1 x 512
Polar | Ist retrans. | 0.25 -1.76 | 256 | 2 x 512
2nd retrans. | 0.17 -3.55 | 256 | 3 x 512
Initial 0.50 1.81 | 256 | 1 x 512
LDPC | Ist retrans. | 0.25 -1.20 | 256 | 2 x 512
2nd retrans. | 0.17 -2.92 | 256 | 3 x 512

TABLE 4. SNR-Throughput for Each Stage of Polar and LDPC Codes
(N = 512, K = 256, Type Il)

[ Code | Stage | T|[SNR@B)| K| N
Initial 0.70 4.44 | 256 366
Polar | 1st retrans. | 0.63 2.86 | 256 366 + 40
2nd retrans. | 0.52 1.34 | 256 | 366 4 40 + 86
Initial 0.70 5.47 | 256 366
LDPC | 1st retrans. | 0.59 342 | 256 366 + 68
2nd retrans. | 0.51 1.84 | 256 | 366 4 68 + 68

0 —6—Polar T=0.50 (3=0.8129, SNR=1.28dB)

10 T T —&—Polar T=0.25 (3=0.6783, SNR=-1.76dB)

—&—Polar T=0.17 (3=0.6437, SNR=-3.55dB)
—©-LDPC 1=0.50 (4=0.7509, SNR=1.81dB)
—8-LDPC T=0.25 (3=0.6139, SNR=-1.20dB)
—© -LDPC 1=0.17 (3=0.5714, SNR=-2.92dB)
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FIGURE 13. Performance of SKR for Type I based RR scheme for LDPC and
Polar codes. The homodyne detector efficiency is set to 5 = 0.98, and the
detector electronic noise is fixed at v,; = 0.01 SNU. The reconciliation
efficiencies (8s) are computed based on the SNR corresponding to BLER of
0.1, while the excess noise is assumed to be ¢ = 0.002 SNU (mother code
of N =512, K = 256).

The values listed represent the average simulated SNR and
corresponding throughput Y achieved at each retransmission
stage (initial, first, and second), under the same mother-
code configuration of N=512, K=256. These data provide a
compact numerical reference, illustrating how incremental re-
dundancy reduces the SNR required while slightly decreasing
throughput as additional transmissions accumulate.

2) SKR PERFORMANCE

Fig. 13 characterizes the Type I ARQ based RR scheme,
where the SKR decreases rapidly with transmission distance
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FIGURE 14. SKR of the Type Il IR-HARQ based RR scheme for LDPC and
Polar codes. The homodyne detector efficiency is set to » = 0.98, and the
detector electronic noise is fixed at v,; = 0.01 SNU. The reconciliation
efficiencies (8s) are computed based on the SNR corresponding to BLER of
0.01, while the excess noise is assumed to be ¢ = 0.002 SNU (mother code
of N =512, K = 256).

for both Polar and LDPC codes. The reconciliation efficien-
cies B are derived at the SNR values corresponding to a
block error rate (BLER) of 0.1. At higher initial through-
puts (e.g., T = 0.50), Polar codes achieve moderately longer
transmission distances than LDPC codes under similar con-
ditions. However, as the throughput decreases (T = 0.25 or
T = 0.17), the SKR curves also show a pronounced reduction
in achievable distance, reflecting the inefficiency of Type I
retransmissions. Explicitly the additional redundancy does
not effectively improve the performance. Overall, the Type I
scheme suffers from reduced reconciliation efficiency and
limited adaptability with respect to SNR variations, leading
to eroded robustness at longer distances.

In contrast, Fig. 14 characterizes the IR-HARQ based
RR scheme which exhibits a significant improvement in
both throughput and achievable distance. By exploiting in-
cremental redundancy, the effective throughput values (Y =
0.70, 0.59, 0.52, etc.) remain relatively high even as dis-
tance increases, while maintaining reconciliation efficiencies
B close to their theoretical limits at the corresponding SNR.
Compared to Type I ARQ, the SKR curves extend consid-
erably further, with Polar codes in particular outperforming
LDPC codes at higher throughputs. This indicates that IR-
HARQ can achieve both higher efficiency and extended
coverage range, since the adaptive use of redundancy allows
for better reconciliation efficiency across different SNR con-
ditions. Thus, IR-HARQ effectively mitigates the trade-off
between throughput and distance observed in Type I, offering
a more robust and scalable solution for secret key generation.

In the Type I ARQ scheme, retransmissions substantially
reduce the BLER, thereby enhancing reliability, but at the
cost of reduced throughput. Polar codes deliver superior error-
rate performance and maintain higher throughput at a given
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FIGURE 15. Maximum distance versus code rate of single-transmission at
block lengths of N = 512, 1024 and a BLER value of 0.1 for Polar codes.
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FIGURE 16. Maximum distance versus SNR of single-transmission at block
lengths of N = 512, 1024 and a BLER value of 0.1 for Polar codes.

SNR, making them more favorable for short block lengths
and stringent reliability constraints. By contrast, the Type II
IR-HARQ scheme advocated introduces incremental redun-
dancy, which reduces the SNR required for reliable decoding
improves throughput through on-demand parity transmission.
This demonstrates that Type II IR-HARQ achieves a bet-
ter balance among reliability, efficiency, and coverage, while
Type I ARQ provides a meaningful reference illustrating the
baseline trade-offs of retransmission-based reconciliation in
CV-QKD.

Figs. 15 and 16 portray the maximum transmission distance
under a single-shot transmission versus the Polar code rate
and SNR for block lengths of N =512 and N = 1024 at a
fixed BLER target of 0.1. The results serve as a baseline
for evaluating retransmission strategies. As seen in Fig. 15,
there exists a beneficial code rate region around R = 0.3-0.4
that maximizes the achievable distance. Beyond this, the per-
formance degrades due to insufficient redundancy. Similarly,
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FIGURE 17. Performance comparison of a Type | scheme to single
transmission using a Polar code of N =512 and R = 0.5.

Fig. 16 illustrates that the achievable distance first increases
with the SNR but eventually saturates, indicating diminish-
ing returns at higher SNR levels. Moreover, the longer block
lengths of N = 1024 consistently outperforms N = 512, high-
lighting the direct benefits of coding gain in extending the
communication range.

All SKR curves in Figs. 15 and 16 are obtained under a con-
stant receiver-SNR condition achieved by adaptive distance-
dependent transmit power control. For each target SKR, the
transmitter adjusts the modulation variance so that the re-
ceived SNR remains fixed while the propagation distance
varies, enabling fair distance comparison under equal-SNRs
operation.

These baseline results are directly related to the main
theme of the paper: they establish the limits of one-time
transmission against which ARQ/HARQ schemes can be
compared. Specifically, the improvements achieved by Type I
and Type II HARQ in subsequent sections can be quantita-
tively benchmarked relative to the single-transmission case,
thereby demonstrating how retransmission mechanisms and
coding strategies enhance both reliability and coverage be-
yond the baseline performance.

3) DELAY ASPECTS

Fig. 17 characterizes Type I retransmission scheme, the dis-
tance exhibits a noticeable degradation upon increasing the
number of transmissions. Specifically, as the number of trans-
missions increases, the effective throughput decreases from
T = 0.50 in the initial transmission to Y =0.25 and Y =
0.17 after the first and second retransmissions, respectively.
This reduction in throughput is accompanied by a substan-
tial increase in the number of transmitted bits (N = 512 —
1024 — 1536). Moreover, the achievable distance under re-
transmissions is consistently shorter than that obtained by a
single transmission for a code rate of R = 0.5. This is because
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FIGURE 18. Performance comparison of IR-HARQ scheme to single
transmission using a Polar code of N =512 and R = 0.5, 0.6.

Type I retransmissions reduce the throughput, while the re-
quired SNR is not lower enough compared to that in a single
transmission, as evidenced in Figs. 5 and 15. Consequently,
the reconciliation efficiency B calculated based on (10) is
reduced, which in turn shortens the achievable transmission
distance. These results highlight the inefficiency of Type I
retransmissions, where the accumulated redundancy leads to
reduced spectral efficiency without extending the coverage
distance.

By contrast, the IR-HARQ scheme characterized in Fig. 18
demonstrates a more favorable trade-off between through-
put and coverage distance. At the second retransmission, the
total number of transmitted bits matches that of a single
transmission at R = 0.5 (N = 512), yet the effective through-
put of Y = 0.52 surpasses that of the single-transmission
case. Furthermore, the achievable distance extends beyond
the reference distance of one-time transmission. After the first
retransmission, the required number of transmitted bits (N =
427) is even lower than that of a single transmission at R = 0.6
(N = 512), while maintaining a comparable transmission dis-
tance. These observations confirm the efficiency of IR-HARQ,
which intelligently exploits the incremental redundancy to
achieve a higher throughput and longer coverage compared
to both single transmission and Type I retransmissions.

VI. CONCLUSION

We have proposed an adaptive RR protocol for CV-QKD that
integrates IR-HARQ with rate-compatible Polar and LDPC
codes. We punctured a single mother code of length N = 512,
rate R = 0.5 to an initial effective rate of R = 0.70. Then,
upon decoding failure, we incrementally transmitted redun-
dancy bits to arrive at rates of R = 0.63 and R = 0.52. As
a benefit, our scheme dynamically matches redundancy to
the prevalent channel conditions within the bit-budget of the
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mother code. Each retransmission provides approximately 2—
3 dB extra SNR gain, yielding significantly improved BLER
performance and extended secure transmission distance.

Under identical block-length constraints, IR-HARQ relying
on Polar codes consistently outperforms fixed-rate Polar and
LDPC codes in terms of both BLER performance and SKR,
especially in low-SNR and short block-length regimes. On
the other hand, the LDPC-based IR-HARQ using parity-bit
puncturing demonstrates competitive performance at larger
block lengths, highlighting the complementary nature of Polar
and LDPC coding strategies. The system-level analysis further
confirms that IR-HARQ effectively balances the throughput,
latency, and reliability, providing substantial advantages over
conventional single-transmission or Type I retransmission
schemes. Our findings provide practical design guidelines:
Polar-coded based IR-HARQ is advantageous in low-SNR
or short-packet regimes, whereas LDPC-based IR-HARQ is
more suitable for high-SNR and long-block scenarios.

To advance this work, future research will explore more
sophisticated coding and ARQ schemes [13] and evaluate
finite-size security bounds under realistic loss and noise mod-
els. Machine-learning-assisted puncturing and redundancy
scheduling will be investigated to further minimize the num-
ber of retransmissions and latency. Hardware-in-the-loop
prototyping will be pursued to validate decoding complexity
and throughput in practical CV-QKD systems. In addition,
integrating IR-HARQ with multidimensional reconciliation or
non-Gaussian modulation schemes may unlock even higher
reconciliation efficiency, enabling long-distance secure quan-
tum communications.
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