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Quantum networks will combine optical fibre with free-space links, yet continuous-variable quantum
key distribution (CV-QKD) has been developed predominantly for one medium or the other, while
operation across concatenated fibre—free-space channels remains largely unexplored. The two media
impose contrasting requirements: fibre transmission is stable and permits long processing intervals,
whereas atmospheric propagation imposes transmittance fluctuations that degrade security and must be
resolved on short timescales. Here we demonstrate a locally generated local oscillator CV-QKD with both
Gaussian-modulated coherent and squeezed states over a deployed hybrid channel comprising a 620-m free-
space link and 2 km of deployed fibre, with a total loss up to 20 dB. Rather than adapting the optics to each
medium, we move channel adaptation to the post-processing, through a unified adaptive post-processing
framework coupling transmittance-based clustering, residual-fading mitigation by covariance-matrix
averaging or de-fading, and rate-adaptive blind reconciliation, which alone recovers up to 19% additional
key. The same adaptive-processing principle is applied to both protocols, while accounting for their
different security analyses and statistical requirements, yielding asymptotic secret-key rates of 0.42 Mbit/s
for the coherent-state protocol and 0.93 Mbit/s for the squeezed-state protocol under the respective channel
conditions, and establishing squeezed-state CV-QKD over a deployed atmospheric channel. These results
show that adaptation to the transmission medium can largely be transferred to the data-processing layer,
providing a route towards heterogeneous quantum networks spanning fibre, terrestrial free-space and
satellite links.

http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

Quantum networks will need to operate across multiple trans-
mission infrastructures. Optical fibre provides stable, low-loss
connectivity for terrestrial networks, whereas free-space links
enable connectivity where fibre deployment is impractical and
offer a route towards mobile and satellite quantum communi-
cation [1]. Practical networks will therefore be heterogeneous,
combining both media within a single infrastructure, and will
require quantum communication systems capable of operating
across the resulting concatenated channels. Continuous-variable
quantum key distribution (CV-QKD) is a natural candidate for
this role: by encoding information in the quadratures of the

electromagnetic field and recovering it with coherent detection,
CV-QKD can reuse standard telecommunication components
and infrastructure [2]. Over fibre the approach is mature, with
demonstrations of high secret-key rates [3-5], transmission be-
yond 100 km [6], coexistence with classical channels [7], and
multi-user quantum access networks [3, 8].

Free-space CV-QKD has advanced considerably in parallel,
with secret-key distribution reported over both deployed and
emulated atmospheric channels [9-13]. Two features of this
body of work are relevant here. First, deployed demonstrations
have relied predominantly on a transmitted local oscillator, in
which the reference beam propagates through the untrusted
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channel [9-11]. This increases system complexity, introduces
known security vulnerabilities, and is poorly suited to a path
that alternates between fibre and free space, where the reference
must survive both media and their differing mode and polarisa-
tion behaviour. Locally generated local oscillator (LLO) schemes
remove this requirement and have recently been applied to free-
space CV-QKD, but so far only under emulated channels [12, 13].
Second, CV-QKD systems have been developed for either fibre
or free-space transmission. Operation across a channel that con-
catenates the two remains largely unexplored, although such
links are precisely what heterogeneous networks require.

The difficulty is that the two media impose opposing require-
ments on the processing of the measured data. Fibre trans-
mission is stable, and its channel parameters can be estimated
over long intervals. Atmospheric propagation, together with
the time-dependent coupling of the received field into single-
mode fibre, instead causes the transmittance to vary during
acquisition, so that the channel is described by a distribution
rather than by a single value. Such fading does not merely add
loss: it degrades CV-QKD security, and suppressing that penalty
requires resolving the channel on timescales shorter than its vari-
ation [14]. Strategies for doing so exist — transmittance-based
binning [15, 16], active compensation [17], security analyses
that retain the residual fluctuations [18, 19], and adaptive infor-
mation reconciliation [20] — but have largely been studied in
isolation, although they are coupled through the same channel
statistics: how the transmittance distribution is partitioned sets
the residual fading each portion of the data must tolerate, and
simultaneously determines the statistics available for parame-
ter estimation and the signal-to-noise ratio that reconciliation
must match. How to combine them for a channel that is stable
along one segment and fluctuating along another has not been
addressed.

Squeezed states sharpen this problem, and at the same time
supply a reason to solve it. Reducing the quadrature noise
below the vacuum level improves the tolerance of the proto-
col to excess noise [21] and to imperfect reconciliation [22], so
that squeezed-state protocols relax the noise requirement un-
der which a positive key can be extracted [23]. Squeezing then
becomes particularly helpful in fading channels [18] provided
that squeezing level and anti-squeezing noise are controlled
[19]. This advantage, however, has so far been demonstrated
only in laboratory and fibre-based settings [23], as squeezing
is degraded by optical loss and further compromised by trans-
mittance fluctuations. To our knowledge, squeezed-state CV-
QKD has not previously been demonstrated over a deployed
atmospheric channel. It also carries a specific statistical cost:
estimating the squeezing and anti-squeezing variances required
by the security analysis demands longer processing frames than
the coherent-state protocol. Fading mitigation pushes the frame
length down; squeezed-state parameter estimation pushes it up.
Whether squeezing remains a usable resource over a deployed
atmospheric channel therefore depends on whether this conflict
of timescales can be resolved.

Here we demonstrate LLO CV-QKD with both Gaussian-
modulated coherent and squeezed states over a deployed hybrid
quantum channel comprising a 620-m free-space link and 2 km
of fibre, with a total loss of 15 to 20 dB. Within each protocol, the
optical architecture does not require reconfiguration when oper-
ating across the fibre and free-space segments, while the same
adaptive post-processing principle applies to both coherent- and
squeezed-state protocols. Our adaptive post-processing frame-
work combines transmittance-based clustering, residual-fading

Fig. 1. Experimental configuration of the hybrid fiber—free-
space CV-QKD system. a, Coherent-state transmitter. b, Het-
erodyne receiver with a locally generated local oscillator. ¢,
Squeezed-state transmitter. d, Phase-diverse receiver based
on a 90° optical hybrid. e, Hybrid quantum link deployed in
Padova, connecting LUX, DFA, and DEI through fiber and
free-space segments. The indicated values denote the approx-
imate losses of the corresponding link segments. IQ, in-phase
and quadrature modulator; ABC, automatic bias controller;
VOA, variable optical attenuator; ISO, optical isolator; DAC,
digital-to-analog converter; CLK, reference clock; PC, polar-
ization controller; OS, optical switch; PBS, polarization beam
splitter; BS, beam splitter; ADC, analog-to-digital converter.

mitigation through covariance-matrix averaging or de-fading,
and rate-adaptive blind reconciliation. Although the same frame-
work is used for both protocols, its implementation accounts for
differences in their security analysis, the parameters that must be
estimated, and the processing-frame length, which determines
the resolution with which the transmittance distribution can be
partitioned. The framework enables secret-key extraction across
the range of channel conditions encountered on the deployed
link, yielding asymptotic secret-key rates of 0.42 Mbit/s for the
coherent-state protocol and 0.93 Mbit/s for the squeezed-state
protocol. These results establish CV-QKD operation across con-
catenated fibre and free-space infrastructure, show that squeez-
ing remains available as a resource outside the laboratory, and
indicate that adaptation to the transmission medium can largely
be transferred from the optics to the data-processing layer.

2. CV-QKD SYSTEM AND HYBRID CHANNEL

Figure 1 presents the CV-QKD system and the hybrid fibre—free-
space testbed deployed in Padova, Italy [24, 25]. The system im-
plements both the Gaussian-modulated coherent- and squeezed-
state protocols using a LLO scheme. The two protocols share the
same modulation, synchronisation and digital signal processing
(DSP), and differ in the quantum-state source, the detection front
end, and the security analysis applied to the recovered data. Op-
erating both over the same deployed link therefore exercises
the adaptive post-processing framework on two protocols with
different statistical requirements, using a common transmitter
and DSP chain. The same system is operated over two channel
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configurations, described in the following subsection, which
expose it to different end-to-end loss and fluctuation regimes.

A. Coherent-state CV-QKD system

Alice employs a continuous-wave laser at 1550 nm as the optical
carrier (Fig. 1a). Gaussian-distributed symbols generated from
a quantum random number generator are pulse-shaped and
applied to an IQ modulator operated in optical single-sideband
suppressed-carrier mode, thereby encoding information in the
amplitude and phase quadratures. The symbols are generated
at 125 MBaud, upsampled to 1 GSample/s, and shaped using a
root-raised-cosine filter with roll-off 0.2. To avoid low-frequency
technical noise, the quantum signal is shifted to 120 MHz, while
a strong pilot tone at 220 MHz is frequency-division multiplexed
with the signal for frequency and phase recovery. The modulator
operating point is stabilized using an automatic bias controller,
and the modulation variance is adjusted using a variable op-
tical attenuator. An optical isolator at the transmitter output
suppresses back-reflections and mitigates Trojan-horse attacks.

At Bob (Fig. 1b), the quantum signal is detected using RF
heterodyne detection with a local oscillator generated by an in-
dependent continuous-wave laser. The local oscillator is detuned
from Alice’s laser by approximately 260 MHz. Polarization over-
lap between the quantum signal and local oscillator is optimized
using a polarization controller and monitored through a polar-
ization beam splitter and power meter. The detected signal is ac-
quired using a balanced detector with a shot-noise-limited band-
width of 250 MHz and digitized at 1 GSample/s. To synchronize
Alice and Bob, optical clock and trigger signals at 1310 nm and
1553.33 nm, respectively, are wavelength-multiplexed and dis-
tributed to Bob over optical fiber. The quantum symbols are
recovered through a DSP chain comprising whitening filtering,
frequency and phase estimation using an unscented Kalman
filter, timing synchronization, and matched filtering [26]. The
detector efficiency of 0.68 and electronic noise are calibrated
independently and treated as trusted (Sec. 3).

B. Squeezed-state CV-QKD system

The squeezed-state system retains the same modulation, syn-
chronization, and DSP, but replaces the coherent-state source
and receiver front end. At Alice (Fig. 1c), squeezed light is gener-
ated using a cascaded pair of periodically poled lithium niobate
waveguides. The first waveguide performs second-harmonic
generation (SHG), converting 1550 nm light to 775 nm. The
second waveguide is pumped by the 775 nm field to generate
squeezed light through parametric down-conversion. Residual
pump light is removed using a wavelength-division multiplexer,
and the squeezed state is displaced by interferometrically over-
lapping it with coherent states.

Because the squeezing bandwidth is on the order of terahertz
and therefore exceeds the detector bandwidth, RF heterodyne
detection is not used. Instead, Bob employs intradyne detec-
tion with a 90° optical hybrid (Fig. 1d), providing simultaneous
access to both field quadratures. The additional 1 dB insertion
loss introduced by the optical hybrid results in an overall detec-
tion efficiency of 0.54. The subsequent DSP follows that of the
coherent-state system, with additional squeezing-angle estima-
tion and quadrature remapping [23].

Access to both quadratures allows the squeezing variance
Vs and the anti-squeezing noise Vg required by the security
analysis (Sec. 3) to be estimated alongside the channel parame-
ters. Their estimation is statistically more demanding than that
of the coherent-state protocol and sets the longer processing

frames used throughout the analysis of the squeezed-state data
(Sec.4 B).

C. Hybrid channel testbed

The hybrid channel was deployed across three sites at the Uni-
versity of Padova: the Luxor Laboratory (LUX), the Department
of Physics and Astronomy (DFA), and the Department of Infor-
mation Engineering (DEI) (Fig. 1e and Fig. 2). The quantum
signal travels from Alice at LUX to the free-space transmitter
at DFA over deployed fibre, introducing approximately 3 dB of
loss, and then propagates over a 620-m atmospheric link to a
sub-meter aperture telescope at DEI, where it is coupled into
single-mode fibre. The loss of the fibre segment is dominated
by connectors and patch panels rather than by fibre attenuation.
The loss of the free-space segment is set by the atmospheric
conditions and by the resulting coupling efficiency into single-
mode fibre, and ranges from approximately 7 to 15 dB across the
conditions encountered during the measurement campaign.

We investigate two configurations. In the short-channel con-
figuration (LUX-DFA-DEI), Bob is located at DEI and receives
the signal directly after the free-space link, giving a total loss
of approximately 10 to 18 dB. In the long-channel configuration
(LUX-DFA-DEI-LUX), the signal is routed back to Bob at LUX
through an additional deployed fibre span of approximately
3 dB loss, resulting in 2 km of fibre in the complete link and a
total loss of approximately 13 to 21 dB. The long-channel con-
figuration is of particular relevance for deployed infrastructure:
Alice and Bob are co-located at a single node, and the atmo-
spheric hop is an intermediate span rather than the endpoint
of the link. This is the topology in which a free-space segment
would be used to bridge a gap in terrestrial fibre, and it requires
the receiver to operate on a signal that has traversed both media
and been re-coupled into fibre.

The free-space link consists of an optical transmitter (Tx) in-
stalled at DFA and a receiver (Rx) integrated into an optical
ground station at DEI, both described in detail in Ref. [25]. At
the transmitter, the quantum signal arriving from LUX is mul-
tiplexed with a beacon and a channel-monitoring signal before
free-space transmission. At DEI, the optical ground station col-
lects the incoming beams and actively stabilises their coupling
into single-mode fibre: the beacon is detected by a position-
sensitive detector, which provides feedback to a fast-steering
mirror that compensates beam displacement in the receiver focal
plane and improves fibre coupling [25]. After fibre coupling, a
100 GHz dense wavelength-division multiplexer centered at C38
(1546.92 nm) separates the channel-monitoring signal from the
quantum signal.

The channel-monitoring signal is generated by a laser at
1546.92 nm and recorded at 10 Hz, providing a continuous mea-
sure of the transmission of the free-space segment independently
of the quantum signal. It is used to characterise the atmospheric
link during each acquisition. In addition, atmospheric condi-
tions were recorded in parallel by the weather station at DEI. The
two channel configurations expose the same CV-QKD system
to different transmittance distributions, which are analyzed in
Sec. 4.

3. CV-QKD PROTOCOLS

A. Coherent-state protocol

We evaluate the coherent-state CV-QKD system using the
Gaussian-modulated no-switching protocol [27] under the
trusted-detector assumption, where the detector inefficiency
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Fig. 2. Free-space optical terminals and signal routing for the
two hybrid-channel configurations. The upper panels show
the transmitter (Tx) at DFA and receiver (Rx) at DEI, con-
nected by the 620-m free-space link; the lower panels show
the long- and short-channel configurations. DWDM, dense
wavelength-division multiplexer; WDM, wavelength-division
multiplexer; SMEF, single-mode fiber; TTM, tip-tilt mirror;
CAM, camera; F, receiver focal plane; FSM, fast-steering mir-
ror; PSD, position-sensitive detector; PM, power meter; TRG,
trigger; CLK, clock.

and electronic noise are calibrated and not attributed to Eve
[28]. The lower bound on the asymptotic secret-key rate (SKR),
expressed in bits per channel use, is

RC = max {0, BI(A : B)*" — S(AB*BP) + S(A|B*BF)}. (1)

Here, I(A : B)™? is the total mutual information between mode
of Alice A and mode of Bob B in the x and p quadratures,
and B € [0,1] is the reconciliation efficiency. Following the
purification-based analysis of security against optimal Gaus-
sian collective attacks [29, 30], Eve’s accessible information is
bounded by the Holevo quantity xg = S(AB*BF) — S(A|B*BP),
where B*(P) denotes the mode received by Bob whose state was
measured in the x(p) quadrature. A positive secret key is there-
fore obtained when the reconciled mutual information exceeds
the corresponding Holevo bound.

The key rate depends on the modulation variance Vj,, detec-
tor efficiency #p, electronic noise v, channel transmittance 7,
and excess noise &. Channel properties # and ¢ are estimated and
bounded from the measured data during post-processing. De-
tector parameters are calibrated and monitored, thus allowing
to treat them as trusted devices in the security analysis. Fur-
ther details of the security analysis, system optimization, and
parameter estimation are given in Refs. [7, 26, 31].

B. Squeezed-state protocol

In the squeezed-state protocol, information is encoded on a
displaced squeezed state, and Bob’s measurement provides ac-
cess to both quadratures [18, 19]. The anti-squeezed-quadrature

outcomes are publicly disclosed and incorporated into the secu-
rity analysis, where they serve to characterise source imperfec-
tions and channel-induced noise [19, 23, 32]. The corresponding
asymptotic secret-key rate is

R® = max {0, BI(A : B)* — S(AB*|BP) + S(A|B*BF)}, (2)

in which entropy conditioning on Bob’s measurement of p-
quadrature B? indicates the public disclosure of the anti-
squeezed quadrature.

Beyond the parameters required for the coherent-state pro-
tocol, this analysis requires the squeezing variance Vs and the
additional noise Vg in the anti-squeezed quadrature. Both are
estimated from the measured data rather than assumed, and the
precision of that estimation is what sets the processing frame
length used throughout Sec. 4. The detectors are again treated as
trusted. Further details of the protocol and its security analysis
are given in Ref. [19].

In the following, these bounds are evaluated under the time-
varying transmittance of the deployed hybrid channel. For the
fluctuating channel considered here, 17 and ¢ are additionally
estimated for each processing frame; these per-frame estimates
form the basis of the adaptive processing described in Sec. 4.

4. ADAPTIVE PROCESSING OF FLUCTUATING CHAN-
NELS

The hybrid channel combines comparatively stable fibre trans-
mission with a fluctuating free-space segment. In the latter,
atmospheric propagation and time-dependent coupling into
single-mode fibre cause the channel transmittance to vary dur-
ing data acquisition, an effect known as fading. The channel
is then characterized not by a single transmittance # but by a
probability distribution of transmittance (PDT), P (7).

For a fixed-transmittance channel the received Gaussian-
modulated state remains Gaussian. In a fading channel, mea-
surements acquired at different transmittances form a statisti-
cal mixture of Gaussian states that is generally non-Gaussian
[33]. Security can nevertheless be bounded using Gaussian
extremality applied to the covariance matrix of the result-
ing ensemble, at the cost of an additional fading-induced
noise penalty [14]. This penalty is proportional to variance-
dependent excess noise s{c = Var(,/77) (Vs +Va — 1) and s/; =
Var(,/7) (1/Vs + Vp 4 Vag — 1) in x - and p-quadratures re-
spectively in the channel with fixed but effective and lower
transmittance (,/77)> [19]. The noise is determined by the
fluctuations of the square root of the channel transmittance,
Var(\/7) = (1) — (/7)?, and increases with both Var(,/77) and
the modulated state variance [14, 18]. We refer to this method
of incorporating fading into the security analysis as covariance-
matrix averaging (CMA). Consequently, channels with similar
mean transmittance can yield substantially different secret-key
rates depending on the strength of their transmittance fluctu-
ations. Improving the key rate under CMA therefore requires
not only a higher mean transmittance but also suppressed fad-
ing within the underlying transmittance distribution — both of
which can be achieved through data post-selection (see Sec.4A).

An alternative to CMA is de-fading [17], which suppresses the
fluctuations directly rather than folding them into the security
analysis. Each measurement, associated with an estimated
transmittance 7;, is attenuated to a predetermined reference
value 77, < 17;, corresponding to the mapping 1; — 1, i.e., an
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effective pure-loss channel with transmittance 7y, /77; added
after the receiver’s purification of electronic noise. This differs
from the coarser treatment used for fast-fading channels, where
the lowest transmittance among a group of measurements is
simply assigned to all of them [34, 35]. The de-fading also
scales the excess noise in the channel, but compensates it
with additional Gaussian noise. This downshifting therefore
eliminates the transmittance fluctuations, but lowers the overall
signal-to-noise ratio (SNR) of the data.

A. Conventional post-selection and binning

A direct approach to reducing the fading penalty Var(,/7) is
threshold post-selection, in which measurements below a trans-
mittance threshold 7y, are discarded and only those with 7 > #y,
are retained for key extraction [17, 36, 37]. Increasing 7y, gener-
ally reduces the residual transmittance fluctuations, but simulta-
neously decreases the fraction of data available for key extrac-
tion. The threshold must therefore balance the secret-key rate
of the retained data against the fraction of measurements that
remain. Its weighted secret-key contribution can be expressed as

R = p (i )r[Var(\/7), (1), (€)], ®)

where p(17y,) denotes the retained fraction of the measurement.

An alternative is to discretize the continuous PDT by parti-
tioning the transmittance range into uniform bins of width Ay,
where each bin defines contains events with 5 € [1;, 17; + Ar)
which significantly reduced loss fluctuations within that interval
[15, 16, 38]. The overall SKR is obtained by summing the per-bin
key rates, weighted by the fraction of data contained in each bin:

K
RE = Z pj max{0, rj}, @)
=1

where p; is the fraction of data assigned to the jth bin and 7;
is its corresponding secret-key rate. Narrow bins reduce the
residual fluctuations Var(,/7;), but contain fewer measurements,
whereas wider bins retain more data at the cost of a larger fading
penalty. Conventional binning therefore introduces a trade-off
between suppressing fading and retaining sufficient data for
reliable parameter estimation and key extraction.

For both uniform binning and threshold post-selection, choos-
ing the bin width Az or the threshold 7y, is not straightforward,
since the PDT alone does not capture excess noise variations
across the data. Consequently, a choice that looks good from
transmittance statistics alone may still yield a suboptimal SKR
once noise is accounted for. In practice, determining Az or 7,
requires an optimization step that incorporates the noise behav-
ior, which typically becomes clear only after error correction and
subsequent parameter estimation on the candidate partitions.
Both approaches are already used in free-space discrete-variable
QKD, particularly satellite links, to control the quantum bit error
rate by restricting key extraction to the most favorable part of a
pass or by segmenting it into separate keys [39, 40].

B. Adaptive clustering

Rather than applying a fixed partition of the PDT, we optimize
the cluster boundaries according to their weighted secret-key
contribution. For each candidate cluster, both CMA and de-
fading are evaluated, such that the optimal cluster size depends
on the local channel statistics and the treatment of residual fad-
ing. The adaptive clustering proceeds as follows:

1. Framing: Measurements are divided into frames of shorter
length, within each of which the transmittance can be sta-
tionary. Frames are defined by temporal order of measure-
ments (unlike bins or clusters which group measurements
purely by transmittance value) bounded from above by the
temporal coherence of the channel and from below by the
statistics required for parameter estimation. The parameters
of the frames (noise ¢; or transmittance 7;) can be estimated
either by disclosing a fraction of the data or by performing
information reconciliation prior to parameter estimation
[31, 41].

2. Threshold cluster: Since higher mean transmittance tol-
erates larger Var(,/77), we form an initial cluster starting
from the frame with the highest transmittance and progres-
sively add frames in order of decreasing transmittance. The
cluster is chosen according to the maximum weighted SKR.
When comparing weighted key rates, we evaluate the keys
obtained using CMA and de-fading and choose the higher
rate.

3. K-means pre-clustering: The remaining data are then pre-
grouped using k-means clustering to identify regions of the
PDT with reduced internal transmittance fluctuations. The
value of k is chosen to maximize the number of clusters
with a positive weighted SKR, identifying the regions of the
PDT with the most favorable performance.

4. Cluster widening: Beginning with the highest mean-
transmittance cluster identified in step 3, the transmittance
bounds of each cluster are gradually expanded to include
neighboring frames (at the edges of the cluster) until the
weighted SKR for that cluster is maximized.

5. Iteration over remaining clusters: Step 4 is repeated for
each remaining cluster from step 3 that has not already been
absorbed by a previously expanded cluster, continuing until
the full PDT is covered.

The resulting partition therefore adapts both to the measured
PDT and to the residual-fading treatment, while maximizing
the weighted SKR and retaining a large fraction of the acquired
data.

C. Rate-adaptive blind information reconciliation

Key extraction requires information reconciliation of Alice’s and
Bob’s correlated Gaussian variables. We implement multidimen-
sional reverse reconciliation [42], which maps the Gaussian chan-
nel onto a virtual binary-input channel and thereby supports
operation at the low SNRs encountered here, using multi-edge-
type low-density parity-check (MET-LDPC) codes [43].

Although clustering reduces the variation of the channel pa-
rameters within each cluster, the reconciliation frames it con-
tains can still exhibit different SNRs. A fixed-rate code must
then either operate conservatively, reducing the reconciliation
efficiency for favourable frames, or incur a high frame-error rate
(FER) when the instantaneous SNR falls. This is the standard ap-
proach and we refer to it as the "one-shot" approach. Accounting
for decoding failures, the extractable rate is ([44])

R™ = max {0, (1 — FER) [BI(A : B)*" — x]}, G

where FER is the frame-error rate.
To accommodate the residual SNR variation, we employ rate-
adaptive blind reconciliation [20], illustrated in Fig. 3. For each
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QKD acquisition Atmospheric Temperature Relative humidity Wind speed | Free-space loss
Data set (CEST) averaging window [°C] [%] [km/h] [dB] D/rg
Fig. 4a | 28 Jul. 2025, 17:00 16:45-17:15 23.8+0.1 64.1£0.6 48425 8.0+0.8 1.75+£0.27
Fig.4b | 24 Jul. 2025, 16:33 16:18-16:48 30.3£0.6 52.1+£49 54+£35 99+1.1 2.24+0.10
Fig. 4c | 31 Jul. 2025, 19:00 18:45-19:15 28.3£0.2 56.9 +£1.0 6.8 +3.0 126 £2.5 1.98 £0.28
Fig.4d | 28 Jul. 2025, 16:00-17:18 | 16:00-17:18 24.0£0.2 63.1+£13 52+3.0 79+0.8 1.73£0.15

Table 1. Atmospheric conditions, free-space channel losses, and turbulence strength corresponding to the measurements shown in
Fig. 4. The QKD acquisition times and analysis windows are indicated for each data set. Atmospheric parameters were sampled
once per minute, whereas the channel monitoring power used to determine the free-space loss and D /ry was sampled at 10 Hz.
All quantities are evaluated over the indicated intervals and reported as mean values and corresponding standard deviations. For
D/ry, the reported statistics are calculated from consecutive approximately 10-minute blocks. All times are expressed in Central

European Summer Time (CEST).

reconciliation frame, the code is first punctured to a rate set by
the SNR estimate for that frame, and Alice attempts to decode. If
decoding fails, Bob progressively reveals punctured bits over the
authenticated classical channel, converting them into shortened
bits and thereby lowering the effective code rate. Alice repeats
the decoding with the additional information until it succeeds,
or until further disclosure would no longer yield a positive
secret-key contribution.

The reconciliation rate therefore follows the SNR of each
frame rather than being fixed for the complete data set: frames
that fail at the initial rate can be recovered at a lower effective
rate instead of being discarded, while favourable frames retain
a higher reconciliation efficiency. We use MET-LDPC base codes
of rate 0.005, 0.01, 0.02, and 0.05 with code lengths of 512000,
819200, 1024000, and 819200 respective, adapting their effec-
tive rates through puncturing and shortening. Together with
transmittance-based clustering and the treatment of residual
fading, rate-adaptive reconciliation completes the adaptive post-
processing framework used below for secret-key extraction.

5. RESULTS

We evaluate the adaptive post-processing framework on mea-
surements acquired under different atmospheric conditions,
channel configurations and modulation settings, summarised in

Alice e
az — Y

R Classical Channel

Demappin Mappin;
pping pping
Syndrome -
u’ Encoding | u
Decoding Slind b

;

Fig. 3. Rate-adaptive multidimensional reverse reconciliation.
Alice and Bob obtain the correlated variables x and y from the
quantum channel, respectively. Bob generates the binary se-
quence b using a quantum random number generator (QRNG)
and communicates the mapping and syndrome information
over the authenticated classical channel. Alice recovers an es-
timate b’ through demapping and MET-LDPC decoding, with
blind reconciliation providing additional information when
required.

Table 1. Figure 4 shows four representative data sets: coherent-
state measurements over the short (a) and long (b) channel, a
squeezed-state measurement over the short channel (c), and four
coherent-state measurements over the short channel processed
jointly (d). Together these span the range of mean transmittance
and fluctuation strength encountered on the deployed link.

For the measurements in Fig. 4a—c the QKD acquisition is
considerably shorter than the window over which the atmo-
spheric conditions were averaged, and the two intervals are
listed separately in Table 1. Figure 4d instead covers the entire
acquisition period, during which the atmospheric conditions
were continuously characterized.

A. Channel dynamics and frame selection

The transmittance fluctuations of the hybrid channel originate
in the free-space segment, where atmospheric turbulence dis-
torts the wavefront and thereby modulates the efficiency with
which the received field couples into single-mode fibre. We
characterize the turbulence strength experienced by the free-
space terminals through the ratio D/ry, where rq is the Fried
parameter expressed at 1546.92 nm [45]. Although typically the
diameter D is referred to the diameter of the stop aperture at the
receiver side, which is equivalent to D = Dg, = 0.4 m, in this
setup D represents the diameter of the beam at the receiver’s
aperture, which due to the divergence imposed at the Tx, and its
free-space propagation through 620 m, is completely collected
by the Rx without clipping. To estimate this ratio, we apply
the model of the coupling efficiency probability density func-
tion [46], with the modification regarding the finite-size of the
control system proposed in Ref. [47], to the measured coupled
power in 10-minute intervals. The D/ry parameter estimated
for the time series of the acquisition listed in the last row of
Tab. 1 is shown in Fig. 5a, together with a representative fit of
the coupling efficiency (inset). Across the measurements of this
work D /ry ranges between 1.7 and 2.2 (Table 1) corresponding
to a weak-turbulence regime [48], in which the wavefront error
can be simply corrected by reducing tip-tilt fluctuations. Thanks
to the correction provided by the fast-steering mirror at Rx, the
residual coupling efficiency (Fig. 5a, inset) is centered at ~ 0.48
and spans = 0.25 to 0.55, a range of about 3.4 dB. It is this dis-
tribution that the free-space segment imprints on the channel
transmittance.

Turbulence of this strength fixes how widely the trans-
mittance fluctuates; how rapidly it does so determines the
processing-frame length available to the adaptive clustering.
Since clustering requires the transmittance to be approximately
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constant within each frame, the channel coherence time sets an surement, and 16.9 ms for the squeezed-state measurement, so
upper bound on the frame length, which we now establish. that the coherence time lies between 9 and 21 ms across the
conditions encountered. The measured autocorrelations are not
strictly exponential — the squeezed-state trace retains a residual
correlation of = 0.2 out to the longest lags, and the coherent-state
traces become weakly anticorrelated beyond ~ 50 ms, indicating
a quasi-periodic contribution — so 7. is used here as an oper-
ational measure of decorrelation rather than as a fitted model
parameter.

In Fig. 4a—, each measurement comprises =~ 108 symbols, di-
vided into frames of 1.25 x 10* symbols (100 ys) for the coherent-
state protocol and 1.25 x 10° symbols (1 ms) for the squeezed-
state protocol. Assuming that information reconciliation pre-
cedes parameter estimation [31, 41], all symbols within a frame
contribute to the estimation of the channel parameters rather
than a disclosed subset. On this basis we evaluate 7; and ¢; for
every frame. The three measurements were acquired on different days and
therefore under different atmospheric conditions (Table 1). The
variation in 7. reflects these conditions rather than the channel
configuration, since the free-space segment is common to both
configurations and the additional fibre span of the long channel
is passive, and illustrates the range of channel dynamics the
processing must accommodate.

Figure 5 shows the normalised autocorrelation of the trans-
mittance for three representative measurements. We define the
channel coherence time 7. as the lag at which the autocorrela-
tion falls to 1/e, the convention that returns the decay constant
directly for a first-order stationary process with an exponen-
tial autocorrelation, as is commonly assumed for atmospheric

fading and slow drift of the fibre coupling. On this measure The frame durations used above are accordingly short com-
we obtain 7. = 21.1 ms for the coherent-state short-channel pared with the measured coherence times, by a factor of 90 to
measurement, 8.9 ms for the coherent-state long-channel mea- 210 for the coherent-state protocol and by a factor of 17 for the
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Fig. 4. Adaptive post-processing of measured probability distributions of transmittance (PDTs) under different hybrid-channel con-
ditions. a, b and d show coherent-state measurements, and ¢ shows a squeezed-state measurement. The blue histograms show the
measured PDTs, with the number of frames given by the left black axis. Vertical dashed lines indicate the boundaries of the clusters
selected by the adaptive procedure. For each cluster, the blue triangles show the fading strength Var(,/77) (right blue axis), while
the red markers show the corresponding weighted asymptotic secret-key rate (upper/left red axis). Red circles and squares denote
clusters processed using covariance-matrix averaging (CMA) and de-fading, respectively. The horizontal position of each marker
corresponds to the mean transmittance (1) of the cluster, and the numerical labels indicate the fraction of the total measurement
contained within that cluster. The PDTs are constructed from frames of 1.25 x 10* symbols for the coherent-state measurements and
1.25 x 10° symbols for the squeezed-state measurement. In a, the red dotted horizontal line indicates the weighted secret-key rate
obtained by processing the complete PDT without clustering. Parameters of each data set are provided on each sub-plot: N - total
number of frames, Vs modulation variance, or mean modulation variance (Vi) Vs - squeezing level and additional anti-squeezing
V4s.The detector efficiencies are 0.68 and 0.54 for the coherent- and squeezed-state protocols, respectively, and a reconciliation effi-
ciency of B = 95% is assumed.
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Fig. 5. Characterisation of the free-space channel. a, Turbu-
lence strength, quantified by the ratio D /rg extracted in 10-
minute intervals during the acquisition of 28 July 2025 from
the power coupled into single-mode fibre with active tip/tilt
correction. Error bars give the uncertainty of the fit. Inset:
measured distribution of the instantaneous coupling effi-
ciency (bars) and the fitted theoretical single-mode coupling-
efficiency probability density function (line) from which D /r
is obtained. b, Normalised autocorrelation of the channel
transmittance for three representative measurements, com-
puted from the frame-wise transmittance estimates. The
dashed line marks 1/e, and the coherence time 7, given in
the legend is the lag at which each autocorrelation crosses it.

squeezed-state protocol. The transmittance can therefore be
treated as constant within a frame for both protocols, and the sta-
tionarity bound is not the binding constraint: the frame length
is set in practice by the statistics required for parameter estima-
tion. The longer squeezed-state frames consequently resolve the
transmittance distribution more coarsely, which constrains the
formation of low-fluctuation clusters. The frame-wise estimates
7; then define the PDTs shown in Fig. 4.

B. Secret-key extraction across different fading regimes

For each measurement we compare three treatments of the trans-
mittance distribution: processing the complete PDT without
post-selection, conventional threshold post-selection and uni-
form binning, and the adaptive clustering of Sec. B. Within each
selected data region the residual fading is treated using either
CMA or de-fading, whichever yields the larger weighted secret-
key contribution. The total secret-key rate therefore accounts

both for the rate obtained within each cluster and for the fraction
of the acquired data retained for key extraction.

Under comparatively favorable channel conditions (Fig. 4a),
the complete PDT yields a positive asymptotic secret-key rate
even without post-selection, as indicated by the red dotted line.
Nevertheless, processing the complete distribution together av-
erages measurements acquired at different transmittances and
therefore retains the full fading penalty. Dividing the PDT into
optimized clusters reduces Var(,/77) within the individual data
regions and increases the total weighted secret-key rate (red
points in Fig. 4a). In this measurement, less than 1% of the
highest-loss data needs to be discarded, showing that cluster-
ing can improve the key rate even when almost the complete
measurement remains usable.

Figure 4a also illustrates the complementary roles of CMA
and de-fading approaches. CMA is advantageous for narrow
clusters with small residual fluctuations because it preserves the
measured signal level while incorporating fading into the secu-
rity bound. For broader clusters, the fading-induced penalty can
instead outweigh the additional attenuation introduced by de-
fading, making de-fading favorable. The optimal treatment of a
cluster therefore depends not only on its mean transmittance but
also on the residual fluctuations within it. This complementarity
is incorporated directly into the cluster optimization.

As the channel conditions become less favorable (mean trans-

mittance becomes lower), processing the complete PDT no
longer yields a positive secret key and clustering becomes neces-
sary. For the short channel, the threshold cluster alone retains,
on average, 85% of the data and contributes 91% of the total
SKR, so the remaining clusters contribute only marginally. For
the long channel, at an intermediate mean transmittance, the
threshold cluster still yields the higher key rate, providing on
average 70% of the total SKR, but now captures only 42% of the
data. The additional clusters become more important, capturing
29% more data and 30% of the total SKR on average. While the
averaged statistics discussed here and further are not shown ex-
plicitly, they are computed from the fully processed results for all
measurements, provided in a dedicated repository [49]. Higher
mean transmittance is generally accompanied by broader PDTs
and, correspondingly, broader optimal clusters. The example
shown in Fig. 4b lies toward the favorable end of this regime
rather than representing a typical instance, so the relative con-
tribution of the additional clusters can be considerably more
pronounced for less favorable realizations at comparably low
mean transmittance.
As the mean transmittance decreases further, the optimal clus-
ters narrow, favoring CMA over de-fading. The threshold cluster
remains relevant, but most of the key now originates from the
additional clusters. In this low-transmittance regime, the key
rate becomes especially sensitive to the estimated excess noise
variance, so each cluster must contain enough data for a precise
estimate. This requirement becomes even more important in the
finite-size regime, where limited statistics are the main obstacle
to positive key generation [50].

The same underlying adaptive-processing principle also ap-
plies to the squeezed-state protocol, as shown in Fig. 4c. Three
key-generating clusters are identified for this measurement,
demonstrating that transmittance-based clustering and residual-
fading mitigation remain applicable when the underlying quan-
tum state and security analysis are changed. The squeezed-state
protocol, however, additionally requires characterization of the
squeezing variance Vs and the anti-squeezing noise V5. Accu-
rate estimation of these parameters requires larger processing
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Fig. 6. Comparison of weighted total secret key rates for differ-
ent post-selection approaches, for the same data set shown in
Fig. 4b: (a) threshold post-selection, (b) uniform binning of the
PDT in logarithmic scale, with Ay width of the bin width, and
(c) uniform binning in linear scale. Point color indicates the
fraction of the data retained for key extraction. The dashed red
line indicates the key rate obtained using adaptive clustering.
Arrows show the relative improvement in total key rate over
the optimum of each individual post-selection approach.

frames than for the coherent-state measurements, here 1.25 x 10°
compared with 1.25 x 10* symbols. This reduces the resolution
with which the transmittance distribution can be partitioned and
places a statistical constraint on the formation of low-fluctuation
clusters.

A more detailed comparison of post-selection approaches for

the data set of Fig. 4b is shown in Fig. 6. For threshold post-
selection (Fig. 6a), lowering 7, from —14 to —18 dB progres-
sively captures more data thus reducing the weighting penalty
p(n) on the SKR, but at the cost of admitting more fading (i.e.
a increasing Var(,/77), which is relevant for CMA method) and
decreasing the SNR (which is relevant for de-fading method).
The balance between these effects is intricate, depending on
channel parameters such as the excess noise and on the shape of
the PDT.
Uniform binning can be performed either on a linear transmit-
tance scale or on a dB scale, the latter corresponding to wider
bins at higher mean transmittance. Figure 6b,c, show broader
bins favour de-fading while narrower bins favour CMA.

On this data set, adaptive clustering exceeds the optimum
of every conventional strategy: by 27% over the best threshold,
by 31% over the best linear binning and by 41% over the best
dB binning, while retaining 78.6% of the acquired data against
60.5, 65.0, 49.6% for the respective optima. The same holds
across all measurements, for both protocols and both channel
configurations [49]. The optimal bin width is moreover not trans-
ferable between measurements: no single linear-scale width is
consistently preferred, whereas on the dB scale Ay widths of
1-1.5 dB are favoured on average in this regime. Adaptive clus-
tering requires no such choice, since the cluster boundaries fol-
low from the measured key-rate performance. A finely tuned
bin width, which further depends on the minimum bin popula-

tion imposed, can occasionally exceed the key rate of adaptive
clustering, but only by concentrating on a single narrow high-
transmittance bin while discarding nearly all remaining data,
which is impractical and unsuitable for the finite-size or the
composable regimes.

C. Rate-adaptive information reconciliation

We next evaluate whether the adaptation to the fluctuating chan-
nel can be extended from the security analysis to practical in-
formation reconciliation. We apply the reconciliation procedure
described in Sec.4 C to the measurements in Fig. 4a—c processed
using CMA, and compare rate-adaptive blind reconciliation with
one-shot decoding, in which no additional information is re-
vealed after an unsuccessful decoding attempt. The results with
the channel parameters of each cluster are summarized in Ta-
ble 2. The secret-key rate (SKR) reported is obtained after the
information reconciliation based on Equation 5. For the one-shot
results I is replaced by the code rate. For the blind results this
applies on a per frame basis and reported number is a weighted
average.

Across the three measurements, blind reconciliation increases
the total secret-key rate by 12.06% for the coherent-state long-
channel measurement, 16.77% for the coherent-state short-
channel measurement, and 18.79% for the squeezed-state mea-
surement. The corresponding extracted key lengths increase by
11.68%, 16.50%, and 17.72%, respectively. The improvement is
therefore not restricted to a particular channel configuration or
quantum state.

Information reconciliation can improve the SKR in two ways,
as evident from Equation 5: by decreasing the FER, or by increas-
ing B. The gain from blind reconciliation depends on the per-
formance of the one-shot decoder—frames with a high one-shot
FER benefit substantially from adaptive rate matching. For ex-
ample, in cluster 3 of the short-channel measurement (Table 2a),
the FER decreases from 0.43 to 0.14, increasing the secret-key
rate by 23.85%. Similarly, for cluster 2 of the squeezed-state
measurement (Table 2c), the FER decreases from 0.15 to 0.04,
increasing the SKR by 26.59%. By contrast, when the one-shot
FER is already close to zero, as in cluster 3 of the long-channel
measurement, blind and one-shot reconciliation yield nearly
identical performance.

Clusters 4 and 5 of the long-channel measurement (Table 2b)
illustrate a complementary mechanism: the FER remains con-
stant, yet due to a higher average code rate, the SKR improves by
15.23% and 22.02%, respectively. Here, blind reconciliation lets
us select a higher code rate, recovering more bits from favorable
frames, while shortening still allows less favorable frames to be
decoded successfully.

These results show that the principal benefit of blind rec-
onciliation is the recovery of frames that would otherwise be
discarded because of a mismatch between the instantaneous
SNR and the initially selected code rate. In addition, blind rec-
onciliation allows us to set the code rate closer to the capacity
of the channel, thereby recovering more bits per frame without
the association penalty to the FER. The adaptation introduced
at the level of the transmittance distribution is therefore com-
plemented by rate adaptation at the reconciliation-frame level.
Using the complete adaptive processing chain, we extract up
to 318 kbit of secret key from a single measurement over the
fluctuating hybrid channel in the asymptotic regime
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(a) Coherent-state protocol over the short channel.

Channel parameters One-shot Blind Increase
Cluster | Mean loss (dB) ¢ (uSNU) SKR FER Length SKR FER Length SKR Length
1 12.2 1730 231 %1073 069 221341 | 269 x 1073 0.60 257526 | 16.35% 16.35%
2 13.8 1.87 488 x107% 040 46783 | 5.75x 10~* 037 54446 | 17.94% 16.38%
3 14.9 1490 589 x107° 043 5162 | 7.29 x 107>  0.14 6394 | 23.85%  23.85%
Total - - 2.86 x 1073 - 273286 | 3.34x 1073 — 318366 | 16.77% 16.50%

(b) Coherent-state protocol over the long channel.

Channel parameters One-shot Blind Increase
Cluster | Mean loss (dB) e (#SNU) SKR FER Length SKR FER Length SKR  Length
1 15.2 047 240x 1073 050 193211 | 2.66 x 1073 044 213584 | 11.08%  10.54%
2 16.7 465 216 x107%  0.46 17333 | 2.62 x107%  0.44 20961 | 21.19%  20.93%
3 174 61.5 6.79x107°  0.00 5060 | 6.86 x 107>  0.00 5057 1.05% —0.05%
4 17.9 43.3 1.01 x 10~*  0.07 7960 | 1.16 x 10~*  0.07 9068 | 15.23%  13.92%
5 18.4 525 828 x107° 0.07 6211 | 1.01 x10~% 0.07 7957 | 22.02%  28.10%
Total - - 2.86 x 1073 - 229775 | 321 x 1073 - 256627 | 12.06%  11.68%

(c) Squeezed-state protocol over the short channel.

Channel parameters One-shot Blind Increase
Cluster | Mean loss (dB) ¢ (uSNU) SKR FER Length SKR FER Length SKR Length
1 10.9 368 1.80 x 1073 0.00 41276 | 1.89 x 1073 0.00 42359 5.18% 2.63%
2 12.6 90.0 360x1073 0.5 86226 | 456 x 1073 0.04 108350 | 26.59%  25.66%
3 14.7 142 896 x 107* 0.19 20802 | 1.03x 1073 0.04 23881 | 14.80% 14.80%
Total - - 6.30 x 1073 — 148304 | 7.48 x 1073 - 174590 | 18.79% 17.72%

Table 2. Weighted secret-key rates (SKR, bits per channel use) and key lengths (bits) obtained with one-shot and blind information
reconciliation for the coherent- and squeezed-state measurements. Excess noise ¢ is referred to the channel output and expressed in

units of 10~% shot-noise units (uSNU).

D. Statistical requirements for finite-size composable security

The number of symbols available within each cluster becomes
increasingly important when moving from asymptotic to finite-
size and composable security. One approach to increasing
the available statistics is to jointly process measurements ac-
quired under comparable channel configurations, analogous to
combining multiple satellite passes in satellite-based DV-QKD
[39, 40, 51].

Figure 4d shows the PDT obtained by combining four
coherent-state measurements over the short hybrid channel, ac-
quired at different times and with different modulation vari-
ances. Over the combined acquisition period the mean free-
space loss remained stable at 7.9 £ 0.8 dB (Table 1), while in-
dividual fades reached = 20 dB. The PDT therefore broadens
through fast transmittance fluctuations and through the differ-
ing modulation variances of the individual acquisitions, rather

than through slow drift of the channel. Joint processing in-
creases the number of symbols available for parameter estima-
tion within the selected clusters, but does not necessarily in-
crease the asymptotic secret-key rate because the combined data
also contain the transmittance fluctuations of the individual ac-
quisitions and variations in the modulation variance. Neverthe-
less, the increased block size reduces the statistical uncertainty
in the estimated channel parameters and is therefore important
for approaching composable finite-size operation. The highest-
transmittance cluster in Fig. 4d contains 2.15 x 10% symbols.
Under the present experimental parameters, this block size re-
mains insufficient for positive composable key extraction, even
with e-optimization [52] and a high information reconciliation
efficiency.
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6. DISCUSSION

Our results demonstrate that a common CV-QKD architecture
can operate across deployed fiber and free-space links despite
their substantially different channel conditions. A key element
enabling this interoperability is the ability of the post-processing
to adapt to the measured channel statistics without requiring
a separate CV-QKD architecture for each transmission regime.
The hybrid link therefore illustrates a broader principle for het-
erogeneous quantum networks: adaptation to the transmission
medium can, to a substantial extent, be transferred from the
quantum-optical layer to the subsequent processing of the mea-
sured data.

The three processing stages are intrinsically coupled through
the channel statistics. A broad cluster retains more data but
increases residual fading and broadens the SNR distribution
presented to the reconciliation stage, whereas narrower clusters
suppress these effects at the cost of fewer samples for parame-
ter estimation. The comparison with threshold post-selection
and uniform binning further shows that the SKR gain does not
originate simply from partitioning the PDT, but from adapt-
ing the partition to the measured channel statistics. This trade-
off becomes particularly important at low mean transmittance,
where the key rate is increasingly sensitive to residual fading
and parameter-estimation uncertainty. Conversely, retaining a
broader range of channel realizations increases the SNR varia-
tion that reconciliation must accommodate, precisely the regime
in which rate-adaptive decoding provides the largest benefit.
The gains reported here therefore arise from treating cluster-
ing, residual-fading mitigation, and reconciliation as a coupled
processing chain rather than as independent operations.

The 12-19% improvement obtained with blind reconciliation
illustrates this coupling particularly clearly. Even after clustering
has reduced the variation of the channel parameters, residual
SNR variations remain between reconciliation frames. Interac-
tive rate adaptation allows frames that fail at their initial code
rate to be recovered at a lower effective rate rather than being
discarded. This improvement comes at the cost of additional
decoding attempts and classical communication, introducing
a trade-off between rate-adaptation granularity, information
disclosure, and computational complexity. Related interactive
approaches, such as Multiple Decoding Attempts [53], may fur-
ther reduce the computational cost by combining incremental
information disclosure with early decoder termination and an
adaptive iteration budget. These considerations will become
increasingly important when moving towards real-time recon-
ciliation of fluctuating channels.

An important next step is to extend the complete framework
to composable finite-size security. Adaptive clustering intro-
duces an inherent statistical trade-off: narrowing a cluster re-
duces the residual fading penalty but also reduces the number of
symbols available for parameter estimation. In the present mea-
surements, combining several acquisitions increases the largest
cluster to 2.15 x 108 symbols, but this remains insufficient for
positive composable key extraction under the current system
parameters. Increasing the number of symbols acquired within
a sufficiently stationary channel interval is therefore important.
Higher symbol rates enabled by wider-bandwidth detectors
and faster data converters, together with real-time DSP and in-
formation reconciliation [3, 4], would simultaneously increase
the available statistics and permit shorter processing intervals
for tracking faster channel variations. For the squeezed-state
protocol, this requirement is particularly relevant because char-

acterization of the squeezing and anti-squeezing parameters
places additional demands on the available statistics.

More broadly, the framework developed here is not specific
to the fiber—free-space channel of the present experiment. Its
underlying requirement is a channel whose transmittance can
be estimated over intervals that are sufficiently stationary for
parameter estimation and reconciliation. This situation arises
naturally in terrestrial free-space links and is also expected in
satellite quantum communication, where atmospheric propa-
gation, pointing errors, and changing link geometry produce
time-dependent transmittance, crucial for continuous-variable
protocols [54, 55]. Receiver-generated local-oscillator CV-QKD
combined with adaptive fading mitigation and rate-adaptive
reconciliation therefore provides a route towards heterogeneous
quantum networks in which fiber, terrestrial free-space, and fu-
ture satellite links can be incorporated within a common CV
quantum-communication architecture.
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