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Abstract:  We investigate a continuous variable quantum key distribution system with
digital tracking of both polarization and phase. Stable operation over 25km for 36 hours
with secret key rates between 1.9 and 2.8 Mbit/s is demonstrated. © 2020 The Author(s)
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1. Introduction

Quantum key distribution (QKD) offers means to increase the security of next generation optical communication
systems or even ensure unconditionally security in combination with one-time pad encryption [1]. The interest
in QKD has risen in recent years, largely due to the rapid progress in computation hardware, lower cost of data
storage, and quantum computing technologies [2]. The most mature QKD systems are based on single-photon
detection schemes, however, continuous variable (CV) QKD has recently received a lot of interest for several
reasons. It may be implemented with off-the-shelf hardware from coherent communication technology, promising
low cost and/or integrability. It is also compatible with wavelength division multiplexing of classical channels and
hence may use the existing network infrastructure. Long distance CV-QKD has been demonstrated [3] and recently
the secret key rates (SKRs) have been pushed into the Mbit/s region [4—6]. Further, it has been experimentally
demonstrated that CV-QKD can be co-propagated with classical channels in experiments with 56 [7] and 100
wavelength division multiplexing (WDM) channels [8].

One major challenge for CV-QKD systems is how to synchronize the phase between the transmitter and receiver.
The phase tracking can be done using all-optical techniques [3,8,9] or relying on digital techniques based on pilot
signals [4, 5, 7]. However, these systems have relied on manual polarization alignment or all-optical tracking
solutions [9] which do not scale well with channel count and is not well suitable for commercial implementation.

In this paper we propose and evaluate a fully digital self-coherent CV-QKD systems based on dual-polarization
and dual-quadrature detection using a polarization-multiplexed pilot tone [10], avoiding costly and bulky optical
tracking systems. We also evaluate the performance using reconciliation based on multi-edge type low-density
parity check codes. At 25 km, we show SKR of 2.3 Mbit/s estimated from the channel observations and 2.2 Mbit/s
with the reconciliation applied. Long-term measurements over 36 hours show that the system can operate without
manual tuning.

2. Experimental Setup and Digital Signal Processing

In Fig. 1, the experimental setup is outlined. The transmitter, Alice, uses a conventional tunable laser with
<100 kHz nominal linewidth as light source tuned to 1547.3 nm. CV-QKD state modulation using four phase
states is achieved using a dual-polarization I/Q-modulator, where one polarization is driven by an 12 GS/s ar-
bitrary waveform generator (AWG) generating 0.5 Gbaud signals using a root-raised cosine pulse shape with a
roll-off factor of 0.05. The second polarization is left unmodulated and used as a pilot tone in the receiver. The
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Fig. 1: Experimental setup for the self-coherent CV-QKD system.
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Fig. 2: (a) Schematics of the digital signal processing procedure. (b) Illustration of the polarization demultiplexing stage. (c)
Convergence of the taps for the polarization dumultiplexing stage for one batch of data of experimental data.

CV-QKD signal is upshifted by 0.67 GHz to avoid polarization crosstalk from the pilot signal. To monitor the
ratio between the CV-QKD signal and the pilot signal, a portion of the signal after the I/Q-modulator is sent to a
polarization scrambler followed by a polarizer where an optical spectrum analyzer (OSA) is measuring the optical
power using min/max hold. We note that this function could also be performed after calibrating the modulators
internal photodetectors typically used in auto bias circuity. The power ratio is set to 12 dB.

The signals are transmitted over 25 km of conventional single-mode fiber. The receiver starts with an optical
switch, which is synchronized to the trigger of the oscilloscope. The switch blocks all incoming signals in order to
estimate the shot-noise variance of the receiver. This is always measured in the same trace as the CV-QKD signal.
A second free-running laser is used as a local oscillator, operating at 15.5 dBm output power. An optical polar-
ization diverse 90-degree hybrid is used followed by four sets of balanced photodetectors (BPDs) with electrical
amplifiers and 1.6 GHz bandwidth. The signals are digitized using a 1 GHz real-time oscilloscope with 2.5 GS/s
sampling rate. Note that no polarization control is used at the receiver.

The digital signal processing is outlined in Fig. 2(a). The two complex signals constructed from the digitized
signals are first sent to a 1-tap polarization demultiplexing stage where the error is calculated based on the knowl-
edge that one polarization should contain a strong pilot tone, i.e. a constant modulus signal. As illustrated in
Fig. 2(b), the equalizer taps are updated based on error calculated from narrowly bandpass-filtered versions of the
signals where the center of the bandpass filter is adapted based on finding a peak in the combined spectrum of
the x- and y-pol polarization signals. The convergence of the taps for one measured batch is shown in Fig. 2(c).
The average of the equalizer taps over the final iteration, shown as dashed lines in Fig. 2(c)., are then applied
on the non-filtered signal. The pilot tone signal is then narrowly filtered and the phase is extracted from the pilot
and removed from the CV-QKD signal followed by a frequency down-shift corresponding to the applied shift in
the transmitter. After this, a root-raised cosine filter with roll-off 0.05 is applied followed by downsampling to 4
samples per symbol. The constant phase offset between the transmitted and received data is removed followed by
a symbol aided equalizer with 9 taps from which the output is 1 sample per symbol. The symbols are then sent to
a parameter estimation stage [7] and/or a reconciliation stage.

For the information reconciliation, we used multi edge type low parity check codes (MET-LDPC) with a block
length of 10° decoding using the sum-product algorithm with 500 iterations. The base code that was used is a rate
0.02 code adhering to the distribution described in [11]. Shortening of the code was applied in order to achieve a
variable rate. The estimated SKRs with and without reconciliation is given as

SKRest = BI(A|B) _X(E‘B)v SKRrecon = (1 _FER)(R_X(E|B))7 (1)

where f3 is the reconciliation efficiency, I(A|B) is the mutual information between Alice and Bob, x(E|B) the
Holevo information between Eve and Bob [12]. Further, FER is the frame error rate, and R the rate of the error
correction. Note that for the reconciliation case, the frames containing errors are considered to be discarded.

3. Results

The measured SKR over the 25 km of fiber as a function of transmitted modulation variance is shown in Fig. 3(a)
together with the theoretical calculation with parameters matching the experiment. The DSP parameters, such
as step-size and convergence time, were optimized at a modulation variance of 0.5. For very low modulation
variances the DSP had issues with convergence, however this could possibly be addressed by optimizing the DSP
parameters for every modulation variance. The SKR with a modulation variance of around 0.375 and 0.5 were
approximately the same. However, we choose to perform the rest of the experiments using the latter to avoid
having issues with mis-convergence at lower power. Fig. 3(b) depicts the SKR using modulation variance of 0.5
and the reconciliation based on MET-LDPC codes using different code rates. Note that each point is associated
with a certain code rate and a frame error rate (FER). The highest SKR is achieved with a rate of 0.01745 and
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Fig. 3: (a) Measured secret key rate as a function of transmitted variance. (b) The secret key rates as a function of the applied
code rate of the MET-LDPC on the experimental results with modulation variance of 0.5. Text labels shows the frame error
rate (FER). (c) Calculated secret key rates as a function of distance for three cases: no excess noise, excess noise matching
experiment, and worst case excess noise estimated from long term measurements with 95% confidence. The two markers
shows the experimental results with assumption of a reconciliation efficiency of 90% and with the performance from the actual
reconciliation. The inset shows a zoom in to differentiate the difference. The reconciliation results is 0.1 Mbit/s lower than the
estimated results.
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Fig. 4: Long term measurements of the secret key rate at 25 km over 36 hours using a sliding window of 60 batches each
consisting of approximately 0.6M channel observations per point.

an associated FER of 14%. In Fig. 3(c) we plot our experimental results in comparison with calculated SKRs as
a function of distance for different scenarios: excess noise matching the experiment, no excess noise, and finally
excess noise = 0.015 corresponding to the worst case scenario with 95% confidence interval.

To evaluate how the system is performing over time where the polarization state is expected to vary, we perform
continuous measurements over 36 hours without any manual control of polarization or frequency offset between
transmitter and receiver laser. The measured SKR is shown in Fig. 4. The SKR ranges between 1.9 and 2.8 Mbit/,
we attribute the variations to several factors including modulator bias drift, polarization dependent loss in receiver
components, and frequency offset drift which changes performance due to roll-off of the oscilloscope bandwidth.

4. Conclusions

We have demonstrated a CV-QKD receiver capable of digital phase and polarization tracking based on a digital
self-coherent scheme. Long term measurements over 36 hours shows a secret key rate between 1.9 and 2.8 Mbit/s.
We also evaluate the performance using reconciliation based on MET-LDPC codes.
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