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Abstract: An InP-based photonic integrated circuit (PIC) transmitter for pulsed Gaussian-
modulated coherent-state (GMCS) CV-QKD protocol is presented and characterized. Results show
potential asymptotic secret key rates of 0.4 Mbps at 11 km, and up to 2.3 Mbps in back-to-back
configuration. © 2023 The Author(s)

1. Introduction

Quantum key distribution (QKD) allows two or more parties to share a secret key by distributing quantum signals.
The security of the key is based on the fundamental laws of quantum physics [1]. On the one hand, continuous-variable
QKD (CV-QKD), using coherent quantum states, is a promising solution for various reasons: easy integration with
current telecommunications infrastructure, high scalability, and cost-effectiveness. On the other hand, photonic
integrated circuits (PI1Cs) can potentially offer enhanced system functionalities with respect to bulk systems, such as
higher reproducibility, better stability, and reduced power consumption. Thus, photonic integration of CV-QKD
systems may enable the mass deployment of this technology at large-scale telecommunication infrastructures in a
cost-effective manner [2, 3].

Different PIC platforms have already been explored for quantum communication [4-6]. PIC-based QKD systems
for discrete-variable QKD (DV-QKD) and CV-QKD applications have been reported in [7—11]. Over the last years,
silicon photonics technology has been promoted to enable CV-QKD PIC systems since it offers many advantages such
as low transmission loss, high coupling efficiency, and mature microfabrication techniques. However, fast modulators
with 50 GHz bandwidth modulation and direct laser integration cannot be realized. Alternatively, InP-based PICs have
already been used in DV-QKD implementations [10, 11]. However, to the best of our knowledge, no demonstration
of InP-based CV-QKD PIC systems has been reported.

In this paper, an InP-based PIC transmitter (TX) for pulsed Gaussian-modulated coherent-state (GMCS) CV-QKD
protocol is designed and characterized. A potential secret key rate value of 0.4 Mbps at 11 km (up to 2.3 Mbps in
back-to-back configuration) is achieved in the asymptotic regime. We believe that the developed InP-based CV-QKD
PIC TX could be used in real network environments to maintain compatibility with classical coherent communication
systems.

2. Description of the InP-based CV-QKD PIC TX design and experimental setup
Fig. 1(a) shows the block diagram proposed for the InP-based PIC TX for the pulsed GMCS CV-QKD protocol [12].
Itincludes an electro-absorption modulator (EAM) providing an adequate extinction ratio, an IQ modulator to generate
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Fig. 1. (a) Block diagram of the CV-QKD PIC TX. (Acronyms) EAM: electro-absorption modulator, BS: beam splitter, MZI: Mach-Zehnder
interferometer, TOPS: thermo-optic phase shifter, CIPS: current-injection phase shifter, VOA: variable optical attenuator. (b) Top view of the
fabricated 6 x 12 mm? InP-based CV-QKD PIC TX, Fraunhofer HHI Foundry.
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the GMCSs, and a variable optical attenuator (VOA) to reduce the signal power to the quantum level. The 1Q
modulator is a Mach-Zehnder interferometer (MZI) structure with one MZI nested on each of its arms. The phase shift
of n/2 between the arms of the 1Q modulator is set with two thermo-optic phase shifters (TOPSs). Each arm of the
MZI combines a TOPS and a current-injection phase shifter (CIPS). The VOA is also based on a MZI where the
interference is controlled by two TOPSs. Finally, the input and output coupling to and from the chip are performed
with spot-size converters. Fig. 1(b) shows the top view of the fabricated CV-QKD PIC TX. Table 1 shows the main
parameters characterizing the InP-based CV-QKD PIC TX in terms of the extinction ratio of the EAM (ERgay) and
IQ modulator (ERqu), the maximum attenuation of the VOA (Attyq,), the bandwidth of the system (BW), and
linearity. Although the EAM showed a relatively high ER, its measured insertion loss was very high, preventing its
use. Thus, the light source was pulsed externally with an amplitude modulator (AM). Note that the EAM is not an
essential component for the protocol implementation, as the system could operate entirely in continuous wave mode
using pulse shaping in the signal modulation [13].

Table 1. Summary of main parameters characterizing the InP-based CV-QKD PIC TX.
ERgam ERjom Attyoa BW Linearity
24dB @ DC 25dB @ DC 30dB >1GHz High

Fig. 2(a) shows the experimental setup used. The light source consisted of a 10 kHz nominal linewidth continuous-
wave external cavity laser followed by a 90:10 beam splitter (BS). For simplicity, the 90% BS output was directly
used as the local oscillator (LO). The other BS output was pulsed with a 30 dB ER AM. The laser was biased to emit
48 mW at 1550 nm. The AM, IQ modulator, and VOA were driven by a field-programmable gate array (FPGA)
electronic board with a 16-bit nominal resolution 1 GSa/s digital-to-analog converter unit. Two independent sequences
of 2040 pseudo-random values were used to cyclically generate the GMCSs. Fig. 2(b) shows the normalized histogram
of the transmitted symbols including references. To ensure high phase recovery accuracy, references and quantum
symbols were interleaved in time. The modulation variance (V,0q), defined as two times the mean photon number at
Alice’s output, was measured using a 99:1 BS and a power meter. An 11 km single-mode fiber (SMF) with a
coefficient of 0.2 dB/km was used. The receiver consisted of a 90° optical hybrid (90° OH) and two 350 MHz
bandwidth balanced photodetectors. Detected signals were digitized with a 10 GSa/s real-time oscilloscope (RTO).
The RTO bandwidth was fixed at 50 MHz. Digital signal processing (DSP) was performed offline. It included
downsampling, quantum state phase recovery [14], and pattern synchronization using cross-correlation. The QKD
parameters were estimated according t0 Vg = (NTVinoa + €) /2 + Velee + 1, Where Vg is the variance of the
quadrature distribution measured at Bob’s site, 1 is the detection efficiency, T is the channel transmittance, ¢ is the
excess noise at Bob’s site, and v IS the electronic noise variance. The secret key rate (SKR) was estimated
considering the asymptotic limit, trusted receiver electronic noise, and reverse reconciliation; SKR = (Blsg —
xge)Rerr, Where B is the reconciliation efficiency, I is the mutual information between Alice and Bob, xgg is the
Holevo bound, and R is the effective quantum pulse rate. Finally, the channel loss was considered to be controlled

by an eavesdropper.
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Fig. 2. (a) Experimental setup, including DSP chain. The bulk AM is included in the light source and provides the pulsed signal output.
(Acronyms) BS: beam splitter, BPD: balanced photodetector, DUT: device under test, LO: local oscillator port, OH: optical hybrid, PC:
polarization controller, PoM: power meter, S: signal port, SMF: single-mode fiber, RTO: real-time oscilloscope. (b) Normalized
histogram of the transmitted symbols, including the GMCSs and the phase references.

3. Experimental results
Table 2 summarizes the parameters used for the QKD transmission over an 11 km link. Figs. 3(a) and 3(b) present 20
consecutive measurements of € and T with SKR, respectively, obtained over 15 min. Each measurement featured a
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block size of 10° coherent states. Moreover, the values of ¢, T, and SKR were independently estimated for each block
of coherent states. The calibration of the electronic and shot noise were manually performed before each measurement.
The mean values of € and T were 16.5 mSNU (SNU: shot noise unit) and 0.586, respectively. From Fig. 3(b), it can
be observed that the T parameter was stable with a relative standard deviation of 6.6%. A mean SKR value of 0.4 Mbps
was achieved, as shown in Fig. 3(b). Finally, Fig. 3(c) shows a simulation of SKR versus the transmission distance,
using the experimental parameters estimated above. From Fig. 3(c), a positive SKR could be obtained up to 20 km.

Table 2. Transmission parameter summary.

Parameter Symbol Value
Modulation variance Vinod 2.89 SNU
Electronic noise variance Velec 13 mSNU
Reconciliation efficiency B 0.95 [15]
Intensity ratio between reference and quantum pulses p 340
Detection efficiency n 0.30
Effective quantum pulse rate Reft 8 Mpulses/s
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Fig. 3. Experimental results of (a) excess noise (g), and (b) channel transmittance (T) with secret key rate (SKR) for 20 measurements
acquired over 15 min. (c) Simulation of the SKR as a function of link distance in the asymptotic regime.

4. Conclusion

We have reported the design and the experimental characterization of a cost-effective InP-based PIC transmitter for
the pulsed GMCS CV-QKD protocol. Reported results push forward the use of InP platform for integrating CV-QKD
systems.
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