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We experimentally demonstrate a high-rate discretely mod-
ulated continuous-variable quantum key distribution over
80-km standard single-mode fiber with a 2.5 Gbaud, 16-
symbol, two-ring constellation. With the help of well-
designed digital signal processing algorithms, the excess
noise of the system can be effectively suppressed. The
achieved secret key rates are 49.02 Mbits/s, 11.86 Mbits/s,
and 2.11 Mbits/s over 25-km, 50-km, and 80-km optical
fiber, respectively, and achieve 67.4%, 70.0%, and 66.5%
of the secret key rate performance of a Gaussian-modulated
protocol. Our work shows that it is feasible to build a high-
performance, long-distance continuous-variable quantum
key distribution system with only a small constellation size.
© 2023 Optica Publishing Group
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Quantum key distribution (QKD) allows for the generation and
distribution of information-theoretical secure keys between two
parties over an insecure quantum channel, in which the security
of the shared keys is guaranteed by the fundamental laws of
quantum mechanics. Combined with the one-time-pad (OTP)
encryption protocol, secure communication can be realized.
However, because the OTP protocol requires that the key can
only be used once and is no less than the encrypted message, the
resulting huge key consumption is a great challenge.

Continuous-variable (CV) QKD protocols [1] encode the
key information on quadratures of quantized electromagnetic
fields, which can be measured by low-cost and high-efficiency
coherent detectors. Moreover, the high-speed coherent detec-
tion technology and infinite-dimensional Hilbert space of the
encoding promise potential higher secret key rates (SKRs) over
a metropolitan area [2]. Furthermore, because of the spatial and
temporal filtering of the local-oscillator (LO) field, CV-QKD is
robust against noise photons in various quantum channels. Thus,
CV-QKD has attracted a lot of attention in recent years for its
high key rate, low cost, and compatibility with coherent optical
telecommunication networks [3–9].

The Gaussian-modulated (GM) CV-QKD protocol has been
widely studied and demonstrated in the past 10 years. It can

achieve an optimal theoretical secure key rate and has better
resistance to excess noise. GM CV-QKD has been theoreti-
cally proved to be secure against arbitrary collective attacks and
coherent attacks, even when considering the finite-size effects.
However, a Gaussian modulation is an unbounded continuous
modulation and around 10,000 states (90 × 90 size constellation)
are required to satisfactorily simulate a Gaussian distribution
[10]. This imposes heavy burdens on the random number gen-
eration and high-speed linear electro-optic modulation devices;
the latter is necessary to achieve a low-level modulation noise
that is critical to the system performance [11]. Moreover, the
data reconciliation of Gaussian variables at low signal-to-noise
ratio (SNR) is also a challenge.

Discrete-modulation (DM) CV-QKD protocols [12] pre-
pare the coherent states chosen from a finite constellation in
phase space and effectively overcome the limitations faced
by the GM protocols. The security of the DM CV-QKD
protocols in the asymptotic regime has been established by
applying numerical-method-based convex optimization tech-
niques [12,13]. Subsequently, an analytical lower bound on
the asymptotic SKR of CV-QKD with an arbitrary modula-
tion of coherent states was proposed [14]. Lately, several DM
CV-QKD protocols have been experimentally implemented,
including the phase-shift keying (PSK) constellation [15,16],
the quadrature amplitude modulation (QAM) constellation cou-
pled with probabilistic constellation shaping (PCS) [5,17],
and the amplitude- and phase-shift-keying (APSK) constel-
lation with PCS [18]. To achieve a SKR comparable to the
GM protocol, the constellation size of previous experiments
is still relatively large (64, 128, or 256). The high-cardinality
constellations increase the modulation complexity and imper-
fections and lead to excessive modulation noise (the main
source for the excess noise of the CV-QKD system), espe-
cially in the case of a high symbol rate and long transmission
distance. Furthermore, a small constellation size consumes a
smaller number of random numbers and enables more efficient
post-processing.

Recently, it has been shown that a high key rate DM pro-
tocol comparable to the GM protocol can be achieved using
only 10 or so coherent states by implementing suitable key
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Fig. 1. Experimental setup. AWG, arbitrary waveform gener-
ator; BS, beam splitter; IQ modulator, in-phase-and-quadrature
modulator; MSO, mixed signal oscilloscope; PBS, polarization
beam splitter; PC, polarization controller; SMF, single-mode fiber;
VOA, variable optical attenuator. The two-ring constellation and
frequency spectra of the quantum and pilot signals are depicted.

map and numerical convex optimization techniques [19]. In
this work, we experimentally implemented this high-rate and
small constellation size DM CV-QKD protocol with a local local
oscillator (LLO) and telecom-grade components over 80 km of
single-mode fiber (SMF), for the first time to our knowledge.
The protocol operates with a 2.5 Gbaud, 16-symbol two-ring
constellation (eight states in the inner ring and eight states in the
outer ring). Our experimental results show that the QKD system
can achieve 70.0% (66.5%) of the secret key rate performance of
GM CV-QKD at a distance of 50 km (80 km), under the asymp-
totic regime. Our modulation formats use only two amplitude
levels and eight uniformly spaced phase angles that are critical
for a chip-based QKD system, for which simple modulation for-
mats are beneficial to the suppression of modulation noise. The
concise implementation and high-rate performance makes our
system an attractive alternative for cost-effective secure quantum
communication.

The procedures of the two-ring constellation protocol imple-
mented in our experiment can be described as follows [19]:
Alice prepares the coherent states |α⟩ =

|︁|︁αkeixπ/4
⟩︁

with x ∈

{0, 1, 2, 3, 4, 5, 6, 7}, and k ∈ {1, 2}, where α is the ring’s ampli-
tude of the two-ring constellation, x is the state’s index within
each ring, and k is the ring’s index. The coherent states in the
inner (outer) ring are chosen according to an equal probabil-
ity of p1 (p2) that satisfies p1 + p2 = 1/8. The diagram of the
two-ring constellation is plotted in Fig. 1. Alice randomly sends
the prepared coherent states to Bob through an insecure quan-
tum channel. At the receiver’s side, Bob performs heterodyne
detection and records the measurement outcomes. Then, Alice
and Bob randomly select a portion of their data for parameter
estimation of the QKD system, and the asymptotic SKR is esti-
mated using the numerical security proof method. Finally, Alice
and Bob perform data reconciliation and privacy amplification
through an authenticated public channel to generate the final
secret key.

Fig. 2. Linear relationship between output noise of balanced
receiver and LO power.

The experimental setup is illustrated schematically in Fig. 1.
Alice exploits a single-frequency continuous-wave (cw) 1550-
nm laser with 100 Hz linewidth (NKT Koheras BASIK X15).
An in-phase-and-quadrature (IQ) modulator (Eospace) is used to
modulate the amplitude and phase quadratures of the laser beam
in phase space with single sideband modulation. The symbol
rate of the baseband signal is set to 2.5 Gbaud, and a digital
raised cosine (RC) pulse shape filter with a roof-off factor of
0.3 is adopted. To avoid low-frequency noise from the exper-
imental system, such as the laser and detector, the baseband
RC signal is digitally upconverted by 4 GHz (fs = 4 GHz). The
quantum signal is frequency multiplexed with a DC pilot signal,
i.e., fp = 0 Hz, which is used to estimate the frequency offset and
phase noise between the quantum signal and the LLO; its SNR
is about 32 dB. The radio frequency (RF) signals generated by
a two-channel arbitrary waveform generator (AWG, Tektronix,
AWG70002A) with a 25 Gsample/s sampling rate and 10 bits
resolution are fed into the RF ports of the IQ modulator. The
modulated laser beam is attenuated to a suitable level with mod-
ulation variance VA by a variable optical attenuator, and then sent
to Bob through a standard SMF spool. Bob recovers the state of
polarization of the signal beam using a polarization controller
(PC). An independently running single-frequency cw laser with
a linewidth of 100 Hz is used to generate the LLO, the cen-
ter wavelength of which can be finely tuned. The power of the
LLO is 4.5 mW, and the frequency of Bob’s laser is downshifted
50 MHz from the frequency of Alice’s laser. Subsequently, the
signal beam interferes with the LLO at a 50:50 beam splitter
(BS) and the output beams are detected by a balanced receiver
(Optilab BPR-23-M) with a bandwidth of 23 GHz. The response
characteristics of the detector for a vacuum field input are meas-
ured and shown in Fig. 2; we can see that the detector exhibits
good linearity, which is critical for the correct measurement
of the shot noise and the quadratures. The output signal of
the balanced receiver is sampled using a 10 GHz high-speed
mixed signal oscilloscope (MSO, Tektronix, MSO64B) with
25 Gsample/s sampling rate and 12 bits resolution. The sampled
electrical signals are stored for offline digital signal processing
(DSP).

The DSP mainly includes the following steps.

(1) Frequency offset estimation. Owing to the frequency drift,
the frequency difference between two independent and free-
running lasers fluctuates with time. By performing Fourier
transformation on the sampled signal and finding the peak
value in the frequency domain, the frequency offset of the
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Fig. 3. 16-symbol two-ring constellation: (a) without DSP; (b)
with DSP. SNU, shot noise units.

two lasers is estimated as ∆f̂ = fA − fB, where fA and fB are,
respectively, the center frequencies of Alice’s laser and
Bob’s laser.

(2) Bandpass filtering. The quantum and pilot signals were
bandpass-filtered using digital filters, and the central fre-
quency and bandwidth of pilot (quantum) signal are ∆f̂
(∆f̂ + fs) and 5 MHz (3.25 GHz), respectively.

(3) Digital demodulation and phase noise compensation. The
baseband quadrature signals of the quantum and pilot are
demodulated from the intermediate frequency signals by
orthogonal downconversion and low-pass filtering. Because
it experiences the same phase drift in the long-distance trans-
mission fiber, the phase noise of the quantum signal can be
compensated by using the estimated phase of the pilot signal.
In our experimental implementation, we define the quantum
state by weighted averaging the sampled data within one
period. The number of samples per transmitted symbol is
10 (calculated by dividing the 25 Gsample/s sampling rate
with the 2.5 GHz symbol rate). Thus, the amplitude and
phase quadratures of the quantum signal are obtained by
weighted averaging 10 samples per symbol.

(4) Parameter estimation. This includes estimation of the
quantum channel transmittance, excess noise, and SKR.

For the case where no long-distance transmission fibers are
connected and the modulation variance VA is set to 60, the recov-
ered constellation diagrams without and with DSP stages are
depicted in Fig. 3, where 1.6 × 106 samples are included in each
constellation diagram. We can see that the initial constellation
without DSP [Fig. 3(a)] is a two-circle pattern, owing to the
frequency offset and phase noise of two independent lasers. In
contrast, the frequency offset and phase noise can be effectively
compensated by running the DSP chain and the recovered con-
stellation is shown in Fig. 3(b), where 16 symbols can be clearly
discriminated.

The calibration of shot noise is extremely important because
all the measured signals of Bob are normalized to shot noise
units (SNU). The electronic noise variance can be measured
when both the lasers at the transmitter and receiver are turned
off, and the sum of shot noise variance and electronic noise vari-
ance can be measured when the laser at the transmitter is turned
off. To obtain the correct electronic noise and shot noise, the
same DSP operations applied to the quantum signals are applied
simultaneously to the samples of the shot noise and electronic
noise. More precisely, the raw data are bandpass-filtered, down-
converted, and weighted averaged. The excess noise referred to

Table 1. Experimental Modulation Parameters, Aver-
aged Excess Noise ε, SNR of Quantum Signal, and SKR
at Different SMF Lengths

L (km) α1 α2 p1 αc VA SNR
(dB)

ε SKR
(Mbits/s)

25 0.675 1.55 3.2/48 1.025 2.73 −9.24 0.0257 49.02
50 0.65 1.5 3.5/48 1.075 2.37 −14.85 0.0228 11.86
80 0.6 1.4 3.5/48 1.133 2.05 −21.48 0.0289 2.11

Alice’s site is expressed as

εA = 2 ·
VB − 1 − Vele

ηT
− VA, (1)

where VA, VB, and Vele denote the modulation variance of Alice,
the variance of Bob’s data, and the electronic noise variance of
the balanced receiver, respectively, which have been normalized
to SNU. In addition, T is the channel transmittance and η is the
quantum efficiency of the receiver. The factor of two comes from
the image band vacuum, owing to the heterodyne detection. The
asymptotic SKR against collective attacks is given by [13,19]

K∞ = Rs · (1 − a) · (1 − FER)

·

(︃
min
ρAB∈S

D [G (ρAB) ∥ Z (G (ρAB))] − ppassδEC

)︃
,

(2)

where Rs is the signal repetition rate of the system, a is the
overhead ratio for parameter estimation, and FER is the frame
error rate (see Supplement 1 for details).

We implemented the high-rate LLO DM CV-QKD scheme
over different lengths of standard telecom optical fiber (SMF-
28). For each channel length, the QKD system was operated
continuously over 150 min of acquisition time. A total of 50
original data blocks were taken with each block size of 768 M,
which means that each block contains 76.8 M symbols (quadra-
tures), and the interval between each data block was about
3 min (acquiring and saving the data). Notice that the modu-
lation parameters, including the two ring amplitudes α1, α2, the
boundary between the inner and outer regions αc, and the choice
probabilities p1, p2, are crucial to the SKR. To maximize the
SKR at each transmission distance, we numerically searched
the optimal modulation parameters based on the experimental
parameters: the quantum efficiency η of the receiver is 0.336,
the electronic noise νe is 0.215 SNU, and the reconciliation effi-
ciency β is 0.95. Table 1 shows the experimental modulation
parameters, excess noise ε, and SKR at SMF lengths of 25, 50,
and 80 km, respectively.

The experimental results of excess noise of the QKD sys-
tem over 25 km, 50 km, and 80 km of standard telecom SMF are
illustrated in Fig. 4; each data block of 76.8 M is used for the esti-
mation of excess noise. In Fig. 4, the dots plot the experimental
results of the excess noise for 50 sampled data blocks; the mean
excess noise is 0.0257, 0.0228, and 0.0289 SNU over transmis-
sion distances of 25 km, 50 km, and 80 km, respectively. With
the increase of transmission distance, the fluctuation of excess
noises is stronger; this is mainly caused by the larger loss of fiber
link and the shot noise fluctuation. Moreover, the excess noise
in our experimental system is mainly attributed to the resid-
ual phase noise between the LLO and the signal field, and the
measurement noise at the receiver side.

The experimental SKR at different transmission distances
is depicted in Fig. 5. The dots represent the experimental

https://doi.org/10.6084/m9.figshare.22713790
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Fig. 4. Experimental excess noise at different SMF lengths. Dots
show the experimental results. Dashed curves denote the average
value of the excess noise, 0.0257 SNU (L = 25 km), 0.0228 SNU
(L = 50 km), and 0.0289 SNU (L = 80 km), respectively.

averaged SKR at transmission distances of 25 km, 50 km, and
80 km, which are 49.02 Mbits/s, 11.86 Mbits/s and 2.11 Mbits/s,
respectively. For comparison, the SKR of the GM protocol (solid
curve) are also plotted in Fig. 5. As can be seen, the performance
of our 16-symbol two-ring constellation is very close to the
GM protocol. More precisely, it can achieve 67.4%, 40.6%, and
66.5% of the SKR performance of GM at distances of 25 km,
50 km, and 80 km, respectively. In Fig. 5, the simulated SKR of
16-symbol QAM and APSK constellations under the security
frame of the analytical SKR are also included for comparison
[14]. The SKR of 16-symbol QAM (APSK) is 45.8% (28.8%),
40.6% (16.9%), 26.9% of GM at distances of 25 km, 50 km, and
80 km, respectively. We find that the SKR of our system has
a significant improvement in comparison with previous works.
This is because the security frame of our protocol can enable
a high SKR comparable with the GM protocol even if a small
constellation size is employed. In this case, we can achieve a
higher system symbol rate (2.5 Gbaud) and low excess noise
level, even at a long distribution distance of 80 km.

In conclusion, we have experimentally demonstrated a high-
performance discrete-modulation LLO CV-QKD at a symbol
rate of 2.5 Gbaud over 80 km of telecom SMF by using the
16-symbol two-ring constellation protocol. Benefiting from the
performance of the protocol implemented by us, a high SKR
comparable with the GM was realized based on a small constel-
lation size, and the excess noise is low enough to support our
system to operate at high symbol rates and long distances. The
achieved SKR of 49.02 Mbits/s, 11.86 Mbits/s, and 2.11 Mbits/s
over 25-km, 50-km, and 80-km SMF can reach 67.4%, 70.0%,
and 66.5% of the GM protocol. Our system provides an attrac-
tive alternative for a high-SKR, cost-effective, metropolitan-area
quantum private network. In our future work, we will improve
the system performance by suppressing the excess noise to an
ultra-low level and consider the impact of the finite-size effect.
Furthermore, real-time DSP will be developed.
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L
Fig. 5. SKR versus transmission distance. Dots show experimen-
tal results over transmission distances of 25 km, 50 km, and 80 km.
Solid curve: simulation result of GM. For comparison, simulation
results of 16-APSK (dashed curve) and 16-QAM (dashed-dotted
curve) are also plotted. Parameters a and FER are 0.1 and 0.15,
respectively. Simulation parameter of excess noise is 0.0258.
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