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ABSTRACT A novel coherent detection method for subcarrier wave (SCW) quantum states applied to continuous-
variable quantum key distribution (CV-QKD) is presented. The proposed approach relies on repeated phase
modulation at the receiver and spatial separation of the carrier and subcarrier frequency components. The
resulting output is an intermediate frequency determined by the difference between the sender’s and receiver’s
modulation frequencies. An analytical model of the detection output is developed through time-varying mod-
ulation using a classical method based on Bessel functions, and a comparative analysis with alternative het-
erodyne detection methods is provided. Experimental validation confirms the linear dependence of the out-
put signal on the receiver's modulation frequency and the sender’s modulation index in the small-modulation
regime. Furthermore, the feasibility of the proposed method is demonstrated through the detection of discretely
modulated signals using quadrature phase-shift keying (QPSK).
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1. Introduction

Quantum key distribution (QKD) addresses the problem of securely distributing random number sequences between
remote parties using quantum states. The two main approaches in QKD are discrete-variable and continuous-variable
protocols [1]. Continuous-variable quantum key distribution (CV-QKD) utilizes coherent detection methods and does not
require single-photon detectors, which are replaced by balanced detectors based on effective PIN photodiodes. CV-QKD
offers several practical advantages: better scalability via integrated photonics [2—4], seamless integration into existing
telecom infrastructure [5], and high secure key rates in metropolitan networks [6].

Coherent states in CV-QKD can be generated as single-mode [7] or multimode [8]. Among the latter, one can
highlight that subcarrier wave (SCW) coherent quantum states demonstrate higher information capacity [9]. They could
also be obtained through phase modulation with discrete [10] and Gaussian modulation [11] without altering the optical
setup. The main challenge for SCW states in terms of CV-QKD is the detection method. Existing methods for SCW
modulated states include conventional homodyne and heterodyne detection based on 3 dB optical couplers [9], as well as
some unique methods based on repeated phase modulation or spectral separation of subcarriers with different phases [8].
The latter were approved through proof-of-concept experiments [10], and appear to enable the use of the carrier mode as a
phase-stable local oscillator. These methods require either multiple active optical components or are difficult to implement
because of the optical instability of the method.

In this work, we introduce a novel coherent heterodyne detection scheme that overcomes these limitations and paves
the way toward a fully practical SCW CV-QKD. Our approach implements repeated phase modulation at the receiver and
leverages a deliberate shift in the SCW modulation frequency to define the heterodyne intermediate frequency, thereby
decoding both quadratures of the incoming quantum state. We validate this concept through numerical modeling and a
proof-of-concept experiment using off-the-shelf fiber-optic components, demonstrating robust quadrature retrieval.
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The remainder of this paper is organized as follows. Section 2 introduces the proposed detection method and com-
pares it with previously developed methods. Section 3 presents a proof-of-concept experiment that demonstrates the
feasibility of the approach. In Section 4, we discuss the results in the context of the underlying assumptions.

2. Detection principles

Coherent detection of SCW quantum states relies on mixing these states with a strong reference field, the local
oscillator. The most common implementation implies the 3 dB coupler, which works for both single-mode and SCW
coherent states [9].

Specific techniques have also been developed for SCW states [8, 10]. These exploit the strong carrier mode as a
phase-stable local oscillator, made possible by Alice’s low modulation index m4 < 1. One such approach applies
repeated phase modulation on Bob’s side, then separates carrier and subcarriers into different photodiodes of a balanced
detector.

Fig. 1 shows a simplified scheme of this method, along with the optical power spectrum of the transmitted SCW
signal. In the inset, we plot the balanced detector output voltage for various phase differences between modulators of
Alice and Bob in a simplified form. Phase modulation distributes optical power between the carrier and subcarriers, with
the relative phase setting the energy balance. A fiber Bragg grating filter and circulator isolate the carrier: the grating
reflects a narrow spectral slice, which the circulator then directs to a second photodiode.
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F1G. 1. SCW CV-QKD heterodyne detection based on repeated phase modulation. Top: optical power
spectrum of SCW signal. Inset: balanced-detector voltage vs. phase difference

For identical modulation frequencies {2 and Alice’s small index m 4 < 1, the balanced detector output is

V = R(\GTEG(1 - 2J3(m)), (1)

where R(\) is the photodiode responsivity at wavelength A, G is the transimpedance gain, Ej is the field amplitude
before modulation, 7" is the combined channel and receiver transmittance, and .J; is the zero-order Bessel function (from
the Jacobi—Anger expansion), and m is the effective modulation index:

m:\/mi+m23+2mAchosA¢ )

with m 4, mp Alice’s and Bob’s indices and A¢ their phase difference. To balance the optical paths (and cancel the DC
component), Bob’s index m g is set to approximately 1.13 [11]. This scheme supports both discrete [8] and Gaussian [11]
modulation formats.

Unlike prior works where A¢p = ¢4 — ¢p was static, we introduce a time dependence by letting ¢5(t) = wt + ¢o,
so that

m(t) = \/m? +m3 + 2mam cos (wt — (1) + do). 3)

Shifting Bob’s modulation frequency by w (to Q' =  + w) thus generates a heterodyne intermediate frequency
encoding both quadratures.

Fig. 2 compares the analytical output of the balanced detector for three configurations: the proposed method, a
coupler-based method utilizing an external reference field, and the configuration described in [10]. All three recover the
intermediate frequency, though the proposed method shows a modest reduction in efficiency.
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FIG. 2. Analytical comparison of balanced detector outputs for coupler-based heterodyne (dashed),
spectral filtering [10] (solid), and the proposed method (dash-dotted)

3. Experimental setup

To validate the assumptions from Section 2, we assembled the experimental setup shown in Fig. 3. It comprises
two modules: Alice and Bob. The Alice module includes a tunable Neophotonics laser source (linewidth < 100 kHz,
central frequency 193.4 THz) as the optical carrier, a SMARTS - Quanttelecom lithium niobate phase modulator (10 GHz
bandwidth) for SCW modulation, and a tunable optical attenuator to control the mean value of the output optical power.
The Bob module consists of an identical phase modulator for receiver-side remodulation utilizing shifted modulation fre-
quency and a Teraxion ClearSpectrum fiber Bragg grating filter (bandwidth < 7 GHz) aligned with the carrier frequency,
coupled with an optical circulator to separate and route reflected carrier light to the second photodiode. Optical paths
were matched by patch cord, and the balanced photodetector BPD-003 by General Photonics was utilized as a shot-noise
limited detector with a 200 MHz bandwidth.
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F1G. 3. Experimental setup for validating the SCW CV-QKD detection method

The electronics include a quadrature modulator to generate Alice’s modulation signal and an RF generator to set a
stable offset frequency on Bob’s side. On Alice’s side, the quadrature modulator was implemented using a combination of
a RF source Rohde&Schwarz SGS100A and an I/Q modulation generator Rohde&Schwarz AFQ100B. The modulation
frequency of the RF source was set at {2 = 4.8 GHz. This frequency was selected based on the bandwidth of the fiber
Bragg grating filter used on Bob’s side. The SCW must fall within the stop band of the grating’s reflection spectrum
to allow effective spectral separation during detection. Therefore, for the filter used in the experiment, the doubled
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modulation frequency 22 was required to be at least 9.5 GHz. On Bob’s side, a modulation signal was generated using
a programmable phase-locked loop (PLL) circuit, allowing for tunable modulation frequency. The synchronization of
Alice’s and Bob’s modulation frequencies was achieved using a 100 MHz reference signal from the RF source to PLL
through the wire. The reference clock distribution through the fiber channel, which is commonly employed in discrete-
variable QKD systems based on subcarrier waves [12], was omitted in the experimental setup for the sake of simplicity.

The output of the balanced detector was recorded using a Rohde&Schwarz oscilloscope with 1 GHz bandwidth and
5 GSa/s sampling rate without analog filtering. The oscilloscope bandwidth exceeded the one of the balanced detector
and the sampling rate provided sufficient oversampling relative to the detector bandwidth. All signal processing was
performed offline using digital signal processing techniques.

First, we measured the intermediate frequency’s dependence on Bob’s remodulation frequency. The results of this
measurement are presented in Fig.4. During the experiment, the output frequency of the PLL on the Bob’s side was
tuned from 4.810 GHz to 4.860 GHz, while all other parameters kept constant. Alice’s modulation frequency was set to
4.800 GHz, and no digital I/Q modulation was applied. To analyze the relationship between the measured intermediate
frequency and the Bob’s modulation frequency, linear regression was employed. The coefficient of determination R? for
the measured data was found to be approximately 0.999. The observed dependence appears to be linear and is consistent
with the assumption presented in Section 2. Due to the frequency synchronization between Alice’s and Bob’s RF sources,
the resulting intermediate frequency exhibited high stability.
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FIG. 4. Intermediate frequency vs. Bob’s modulation frequency (Alice fixed at 4.8 GHz). Dots: exper-
imental data; dashed line: linear fit

Second, we evaluated the amplitude linearity of the intermediate-frequency signal as a function of Alice’s modulation
index m4 in the small-index regime. Establishing linearity is crucial for the implementation of advanced modulation
techniques such as Gaussian modulation, probability-shaped QAM, and APSK [13, 14]. The corresponding measurement
results are presented in Fig. 5. During the experiment, Alice’s modulation index was varied approximately from 0.11
to 0.25 by adjusting the amplitude of the RF source. As in the previous measurement, Alice’s modulation frequency
was fixed at 4.8 GHz, and digital I/Q modulation was not applied. In addition, Bob’s modulation frequency was offset by
50 MHz relative to Alice’s frequency to generate a detectable intermediate frequency. To analyze the relationship between
Alice’s modulation index and Bob’s output amplitude, linear regression analysis was performed. The resulting coefficient
of determination R? was approximately 0.994, indicating a strong linear relationship. This behavior is consistent with the
assumptions outlined in Section 2 and further supports the feasibility of applying linear modulation schemes within the
proposed detection method.

Finally, we implemented a QPSK modulation to demonstrate the feasibility of detecting discretely modulated SCW
signals using the proposed detection method. The modulation sequence was set using the Rohde&Schwarz AFQ 100B
signal generator. The symbol rate was set to 1 MHz, and Alice’s modulation index m 4 was configured to 2.2 x 10~3. The
modulation frequencies of Alice and Bob were fixed at 4.800 GHz and 4.825 GHz, respectively. Fig. 6 shows the result
of signal demodulation at the output of the balanced detector. The demodulation process was performed in the digital
domain using a digital down-conversion (DDC) scheme. The intermediate frequency signal was subjected to band-pass
filtering to isolate the relevant spectral component. This was followed by frequency down-conversion using a digital local
oscillator and low-pass filtering to extract the baseband signal. Then, the sampling rate was reduced to match the symbol
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rate. The mapping between the received signal phases and symbol states was performed based on prior knowledge of the
transmitted QPSK constellation.
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FIG. 6. Constellation diagram of SCW-modulated QPSK at the balanced detector output after digital
down-conversion

4. Discussion and conclusion

We have presented a novel detection method for SCW-modulated states through time-varying modulation using a clas-
sical method based on Bessel functions. The proposed method produces an output functionally equivalent to established
heterodyne techniques while employing a phase-stable approach based on repeated phase modulation. We experimen-
tally demonstrated the reconfigurability of the intermediate frequency and a linear dependence of the output amplitude
on Alice’s modulation index. As a proof-of-concept, we transmitted and detected a QPSK-modulated signal using this
method.

The proposed detection technique addresses several limitations associated with previously reported heterodyne and
dual-homodyne detection schemes [10, 11]. Dual-homodyne detection requires a larger number of components compared
to standard homodyne detection, including a balanced detector, a phase modulator, and a narrowband fiber Bragg grating
filter. This not only increases the cost and complexity of implementation but also introduces additional technical chal-
lenges, such as the need for multiple control signals and precise spectral alignment of the fiber Bragg grating filters. In
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contrast, the proposed detection scheme neither increases the number of optical components relative to a homodyne setup
nor requires fiber Bragg grating filter alignment in Bob’s module.

The heterodyne detection method described in [10] relies on matching the filter transmission spectrum with the laser
carrier frequency along the slope of the transmission curve. Under this condition, the carrier power is split approximately
equally between the reflected and transmitted ports of the fiber Bragg filter. In SCW CV-QKD detection architectures,
both the carrier frequency and the filter transmission spectrum are generally sensitive to operational variations in systems
employing narrowband filters. Furthermore, the rate of change of the transmission for the central carrier frequency is
higher when it lies on the slope of the transmission spectrum than at its peak. This can lead to additional power fluctuations
and, in cases of strong variations, to the saturation of one arm of the balanced detector. Positioning the carrier frequency
at the transmission peak in the proposed scheme effectively mitigates this source of instability.

Nevertheless, several technical challenges remain before realizing a fully functional SCW CV-QKD system. These
challenges span both digital signal processing (DSP) and physical-layer implementation.

First, existing DSP techniques used in single-mode CV-QKD systems [15] must be adapted for the Alice and Bob
modules. For example, our experiment omitted pulse shaping on Alice’s side to simplify modulation. However, incorpo-
rating pulse shaping could confine the modulation spectrum and enable matched filtering via a root-raised-cosine filter.

Second, physical-layer constraints must be addressed. CV-QKD schemes with a transmitted local oscillator require
high LO power for shot-noise-limited detection, which can introduce excess noise [16]. The SCW approach offers strong
spectral separation between the quantum signal and LO, potentially improving isolation. Conversely, achieving high
carrier power relative to subcarriers necessitates a lower Alice modulation index, which may demand specialized hardware
solutions.

Finally, the security of the physical implementation must also be carefully considered. Numerous side-channel attacks
have been reported for systems based on single-mode states [17], and the relevance of such vulnerabilities to SCW CV-
QKD architectures must be systematically evaluated.
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