arXiv:2209.11719v2 [quant-ph] 4 May 2023

Photonic interface between subcarrier wave and dual rail encodings

K. S. Melnik and E. S. Moiseev
Kazan Quantum Center, Kazan National Research Technical University, 18a Chetaeva str., Kazan, 420111, Russia
(*e.s.moiseev @kazanqc.org)

Quantum key distribution with multimode subcarrier wave encoding is propitious for being robust against
environmental disturbance. For application in long-distance quantum communications, this encoding has to
be compatible with entanglement-assisted quantum repeaters that are commonly designed to work with dual
rail encodings. We propose and demonstrate an interface between subcarrier wave and dual rail encodings
with a fidelity of 0.95 4 0.03 using a linear optical circuit. The developed scheme opens the way for future
heterogeneous quantum networks that combine subcarrier wave quantum key distribution with trusted and non-

trusted nodes.

I. INTRODUCTION

The communication distance of point-to-point quantum key
distribution (QKD) is fundamentally limited by losses in the
optical channel to hundreds of kilometres [[I]. Current long-
distance QKD systems use a chain of connected trusted nodes
that translate the generated key from one end of the chain to
another [215)]. Different from point-to-point QKD protocols,
the twin-field QKD improves the secure key rate scaling with
distance. The recent result demonstrates long distance QKD
and may provide a solution to reduce the number of trusted
relays [6} [7]. Alternatively, the development of the quantum
internet pursuits the creation of entanglement-enriched quan-
tum networks, such as quantum repeater, that could be used
for QKD without a need of the trusted nodes [8, 9]. For a
cohesive operation of the existing QKD lines with the future
quantum networks, a mutual encoding of quantum informa-
tion is necessary. Conventional discrete variable quantum re-
peater provides photonic entanglement in the form of the Bell
pairs in dual rail encoding (e.g., polarization) [10} [11].

The creation of interfaces between different quantum infor-
mational encodings is a significant milestone for the develop-
ment of a quantum internet [[12]. It would allow for the con-
nection of local quantum networks with different encodings
and their combination into a global heterogeneous network
with tolerable losses at the interconnections. Recently, sev-
eral experiments were performed on conversion between dual
and single rail qubits [13], teleportation-based conversion be-
tween single rail and wave-like qubits [14]], between dual rail
and wave-like qubits [[15] and on the interface between hybrid
and dual rail entanglement [16] to name a few.

The subcarrier wave (SCW) encoding is a promising for
point-to-point [17, [18]], Plug&Play [[19]], continuous variables
[20} 21] and twin-field QKD [22]] due to its robustness to en-
vironmental effects acting on a fiber line, interferometer-free
optical scheme and its capacity for spectral multiplexing [23]].
In SCW-QKD the information is encoded in a value of the
phase of the applied sinusoidal optical phase modulation, that
leads to specific multi-mode state. However, this multi-mode
state complicates a creation entanglement distribution proto-
col for this encoding that limits potential long-distance SCW
quantum communications. One way to circumvent this issue
would be a conversion of an information from SCW encod-
ing into the one with available quantum repeater protocol, e.g.
dual rail encoding.

Conceptually, the interface between SCW and dual rail en-
condings may be used as it is sketched in Fig[Th. Alice and
Bob generate a non-local polarization entangled Bell state
|Wap) with the help of a quantum repeater, while Alice and
Charlie are connected with an optical link. Charlie, who is
located in a trusted node of the SCW-QKD network, sends his
SCW state |Wscw ) to Alice, where the state is routed to a
polarization Bell state measurement device via the interface.
The interface maps the useful information from | Wscw ) into
a polarization qubit’s degree of freedom |Wpor, ). In turn,
the polarization qubit is interfered with Alice’s part of the
shared state. The proper detection at the Bell state measure-
ment device together with local polarization rotation at Bob’s
part teleports Charlie’s information to Bob [24]. However, a
scheme for an appropriate interface has not been addressed
until now.

In this work, we propose and demonstrate a proof of princi-
ple experiment on interfacing the SCW with dual rail encod-
ings. First, we describe the scheme of the interface and its
simple theoretical model. Next, we portray the experimental
setup and present its results. Finally, we discuss the perspec-
tives and further possible improvements of the interface.

II. PRINCIPLE SCHEME

In SCW, the information is encoded by applying a sinu-
soidal phase modulation with modulation depth 3, modulation
frequency Q, and phase ¢;, to a coherent state with complex
amplitude ¢ and carrier frequency @y. An optical state after
a phase modulator is described by wavefunction [25]]:
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where multiplication is carried over 2S+1 sidebands with
m € Z being indices of sidebands with frequencies @y + m€,
Jm(B) is m-th order Bessel function of the first kind. The
value of the phase ¢;, encodes useful information. For ex-
ample, in typical SCW-QKD with BB-84-like protocol, Alice
sends to Bob logical bits in two non-orthogonal bases with a
single basis formed by pairs of states (T)) with ¢, being shifted
by 7 with respect to each other, such as 0,7 and 7/2,37/2.
In turn, Bob measured Alice’s state in given basis by phase
modulating it with the same  and €, but his own subcarrier
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FIG. 1. a) The possible application of the interface (INT) for teleporting information from Charlie’s SCW state | Wscw ) to Bob with a use of
Bell state measurement device (BSM) and entangled state between Alice and Bob | W4p ) being generated via quantum repeater chain. b) The
principle scheme of the interface that consist of phase modulator (PM), spectral filter (SF), controlling avalanche photodetector (APD), non-
polarizing beam splitter 50:50 (BS), polarization beam splitter (PBS), optical circulator (OC). The {—1,0, 1} indices in the circles indicate the
presence of the sidebands with their phases. ¢) The experimental setup with laser diode (LD), optical isolator (OI), optical attenuator (ATN),
single photon counting module (SPC), Faraday rotator (FR), fiber output coupler (FOC), quarter wave plate (A /4), half wave plate (A /2). Red
solid and Blue dashed arrows indicate the carrier and sidebands direction, respectively. Double arrow and circled dot represent horizontal and

vertical polarizations, respectively.

phase and performing photon detection on sidebands (m # 0)
that effectively acts as a projection on a given state [25]. For
interfacing the state (I) with some dual encoding, the phase
¢in has to be mapped into a superposition of two modes.

The principle scheme of the interface is depicted in Fig.
. The input state | Pscw ) with horizontal polarization en-
ters spectral filter that reflects the carrier component (m = 0)
with power coefficient r and transmits it with power coeffi-
cient 1 — r. Meanwhile the sidebands (m # 0) are transmitted
through the filter with power coefficient 1 — p and reflected
with power coefficient p, where p is called as filter’s side-
band suppression factor. The reflected carrier is routed by an
optical circulator to a phase modulator, that modulates the car-
rier with the same modulation depth 8, modulation frequency
Q, but a fixed phase ¢ . After the phase modulator another
spectral filter with the same r and p separates the carrier fre-
quency component from the generated sidebands.

The sidebands from the original state and the ones gener-
ated locally are overlapped on the 50:50 beam splitter. The
wavefunction for two spatial modes at the output of the beam

splitter labelled as ’+’ and *—’ is
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For good enough filters (r =~ 1, p ~ 0) and small modulation
depth (Jo(B) =~ 1), the state in Eq. (3) represents the dual
rail encoding with two spatial modes for each individual side-
band with m # 0, e.g., the states with a phase difference of
0 or m with respect to ¢;p will follow different channels of
the beam splitter. Both modes are combined on the polariza-
tion beam splitter, with one mode’s polarization being rotated
by 90° with the half-waveplate and the mode’s phase being
shifted by ¢ that is defined by the optical path difference.
The resulted state for the given first order sidebands (m = +1)
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FIG. 2. a) Dependence of the normalized count rate for |H) (red
triangles) and | V') (blue dots) states at different values of phase dif-
ference between two microwave generators. The data is obtained
with modulation depth 8 = 0.15. The dashed and solid lines rep-
resent theoretical fits. b) Dependence of interference visibility on
modulation depth. The solid curve is a theoretical fit.

up to a first order in photon number is:
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where we set the phase shift of V mode to be ¢/ = —i. Once
@ro is fixed to 0, the phase information ¢;, is mapped on the
probability amplitude of a photon being in a given polarization
mode, as in dual rail encoding.

III. EXPERIMENT

The experimental scheme is depicted in Fig. [I] The fiber-
bragg grating stabilised laser diode (TeraXion PureSpectrum
LM) protected by an optical isolator together with an optical
attenuator are used to generate continuous wave at 1550 nm.
The laser is guided through an optical circulator into a 4-port
fiber 50:50 beam splitter (BS). Two SCW states are gener-
ated using the same carrier in a Sagnac-type interferometer,
where clockwise and counter-clockwise travelling waves are
modulated by two separate LiNbO3 phase modulators, PM1
an PM2, respectively. The phase modulators are driven by
two phase-locked microwave generators with an identical fre-
quency of Q =27 -4.8 GHz but different phases, ¢, and ¢ o,
respectively. The implemented design helps to circumvent a
problem with the need for two identical spectral filters, which
is necessary for the principle scheme in Fig. [Ip.

FIG. 3. Real and imaginary parts of the reconstructed density matri-
ces for polarization states at different values of the phase difference
in{|H),|V)} basis.

The generated optical sidebands are interfered on 50:50 BS
and routed to ports 1 and 2 according to their phase differ-
ence. The carrier component, meanwhile, is routed back to
the incoming port 1 with isolation greater than 30 dB due
to constructive interference between clockwise and counter-
clockwise waves in the Sagnac loop. The polarization of the
sidebands travelling from port 2 is rotated by 90 degrees with
the fiber Faraday rotator. The radiation from port 1 is guided
by the optical circulator to a fiber polarization beam splitter
(PBS), where this radiation is combined with sidebands from
port 2 having orthogonal polarization. The polarization insen-
sitive fiber Bragg grating spectral filter (TeraXion OF) with
r=0.99 and p = 10~ separates the prepared polarization state
of the sidebands from the carrier. The light is sent to free space
via a fiber output coupler for further analysis. The polarization
of the sidebands is characterized with a conventional polar-
ization analyzer consisting of quarter and half waveplates to-
gether with PBS, where both channels are coupled into single
photon counting modules (ID Quantique ID210) with quan-
tum efficiency of € =10% and dark count rate of ¥ ~100 Hz.
The detectors are gated at 100 MHz with a gate duration of
6t = 3.3 ns. For this time window, 1.0 pW of incident carrier
power corresponds to a value of o ~ 0.15 that results in a
maximal count rate of ~ 10* cps at single sideband. Multi-
channel frequency counter is used to monitor the count rates



from both single photon counting modules.

For estimating the conversion rate, we define the efficiency
as the ratio between the number of photons in sidebands with
m # 0 before and after the interface. The power efficiency of
the conversion is determined by the highest optical losses out
of the losses in the two channels of the interferometer. The
identical losses are necessary for the indistinguishability of
coherent states interfering on a 50:50 beam splitter. The loss
budget is composed of insertion losses in the phase modulator
(-3.1 dB), optical circulator (-0.7 dB), non-polarizing beam
splitter 50:50 (-0.5 dB), Faraday rotator (-0.6 dB) and polar-
ization beam splitter (-0.2 dB). The losses of -4.5 dB in both
channel correspond to the efficiency of 35%.

IV. RESULTS AND DISCUSSION

First, we scan ¢;, — ¢ o between two SCW states by man-
ually changing phase of a single microwave generator. The
normalized count rate of horizontally and vertically polarized
photons at different value of the phase difference are presented
in Fig. [2h, where each point is accumulated during 7 = 10 s.
The interference with visibility of ~ 95% clearly indicates the
transfer of the phase information from SCW state into polar-
ization degree of freedom according to (@).

We measure visibility at different values of modulation
depth B with all sidebands being detected simultaneously. The
results are depicted in Fig[2p. At a small value (B < 0.1) of
modulation depth, the number of detected photons drops be-
low the dark count rate that leads to low visibility. At a large
value of B (B > 1) the significant portion of energy is dis-
tributed at higher order sidebands (m > 2) that interfere as
~ cos(w) and reduce overall visibility when all side-
bands are detected simultaneously by a single detector. At
the same time, the visibility of 92 + 3% is achievable within
the range of 0.1 < f8 < 0.7. It is worth noting that the mea-
sured decrease in visibility at low f is not fundamental but
rather implementation specific and can be circumvented, if a
detector with a lower dark count rate and a spectral filter with
a larger extinction ratio r/(1 —r) are used. In principle, the
negative effect of the higher order (|m| > 1) sidebands can be
mitigated by separating the first order sideband with an addi-
tional spectral filter. However, the additional filter would in-
troduce extra losses and proportionally reduce the conversion
efficiency.

We model the number of clicks with given polarization as:

£
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where n = ¥, 04,4 is number operator with d,, (4),) be-
ing annihilation (creation) operator for m’th spectral mode, €
is the quantum efficiency of the detector, ¢ is gate duration
time, 7 is sampling time, Y is dark count rate. The experimen-
tally acquired data of normalized clicks and visibility is fitted
using (@).

The polarization states on the opposite sidebands with m=1
and m=-1 have a m phase shift with respect to their po-
larization states, which results in a mixed polarization for
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Oin — ¢Lo € {m/2,37/2} if both sidebands are measured si-
multaneously. To characterise the conversion, we perform the
polarization tomography for only a single sideband (m = +1)
with B = 0.15 by adjusting the laser’s frequency with re-
spect to the spectral filter’s reflection band such that only one
sideband is transmitted. For each value of phase difference
(0,m,7/2,37/2) we measure polarization in different polar-
ization basis. The acquired data is used to reconstruct the po-
larization density matrix by the maximum likelihood method
[26]]. The reconstructed density matrices are presented in Fig.
[3 with corresponding fidelities summarised in Table |l

The small imaginary part of non-diagonal elements of the
density matrix we attribute to a jitter in optical path differ-
ence between paths for |H) (port 1 to PBS) and |V') (port 2
to PBS) photons. The jitter introduces extra complex phase
between |H ) and |V ) that leads to unwanted ellipticity of the
polarization. We passively stabilized the optical scheme by
placing it in thermally and acoustically isolating foam and re-
ducing the fiber connection length. However, some sort of
active stabilization may still be required for achieving fidelity
>99%. It must be noted, that typical teleporation fidelity is
around 89 =+ 2% with current technologies [27]. Hence, the in-
terface with fidelity > 99% should not limit the teleportation
in practical applications.

din — @0 | Polarization state | Fidelity
0 [H) 96+£3 %

n V) 96+3 %
/2 |[(|H)+|V))/V2]|95+3%
3n/2 [(|H)—|V))/V2|95+3%

TABLE 1. The correspondence between the phase and polarization
with the achieved fidelities.

The proposed interface may be implemented in integrated
quantum optical fashion [28]]. This approach would minimize
the phase fluctuations, device size and hence increase its sta-
bility. Moreover, this technology would allow to build two
identical spectral filters for effective conversion of the exter-
nal SCW state as in the proposed scheme. The lithium niobate
on insulator platform seems a promising candidate for imple-
menting the proposed interface. The principle components of
the interface such as compact phase modulators [29], high fi-
nesse microring resonator [30], polarizing and non-polarizing
beam splitter [31] were demonstrated.

In this case, this scheme can be used in SCW-QKD for si-
multaneous detection of two states in a single basis. If single
photon detectors are placed at the output of each channel of a
50:50 beam splitter, the states with phases ¢ o and ¢ o+ 7 are
distinguishable by a click of the corresponding detector. In the
appendix, we compare the theoretical asymptotical key rate of
the QKD with the interface used as two-orthogonal state dis-
criminator and the conventional approach [32]] with a single
state detection. Simulation shows that use of the proposed
scheme in point-to-point SCW encoded QKD may increase
the key rate by about twice compared to the conventional ap-
proach.

It is worth mentioning that the potential eavesdropper may
try to corrupt the security of the communication between



Charlie and Alice by photon number splitting or unambiguous
state discrimination attacks on multiphoton components [33].
For this reason, the carrier after the phase modulator should be
monitored by a photodetector (APD in Fig. [T|b) for detecting
the attacks with the strong reference method [34]. This coun-
termeasure imposes a condition of trustworthiness only on Al-
ice’s node in the quantum repeater but not the whole quantum
repeater chain, which is a reasonable cost for interconnecting
the heterogeneous network. Alternatively, one can implement
additional phase states for detecting the attacks [35]. At the
same time, the number resolved detectors in a Bell-state mea-
suring device may mitigate the multiphoton issues in quantum
teleportation that occur with a practical source [36].

In summary, we presented the way for conversion of phase
information from SCW into the dual rail encoding. The exper-
imentally realized in-fiber conversion from SCW into polar-
ization encoding shows fidelities above 92%. If the first-order
sideband is additionally filtered from the higher-order side-
bands, the main limitations for further increasing visibility are
the extinction ratio of the spectral filter and interference stabil-
ity. The proposed interface opens one more way for connect-
ing existing quantum networks with different physical layers
and increasing QKD distance and rate. The reverse conver-
sion from dual rail into SCW is also of particular interest for
long-range transmission. However, this topic may be a part
of a separate study since it requires mapping from discrete
to continuous variables, which usually demands non-classical
resources and heralded preparation as in [14}[15].
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Appendix A: Key rate comparison

Next we present the theoretical comparison of secret key
generation rate with BB84 between traditional one-way SCW

J
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where we assume negligibly small jitter between Alice’s
and Bob’s modulation oscillators over a repetition period and
the linear regime of the detector.

Asymptotic secret key generation rate against beam splitter
collective attack K is lower limited by Devetak-Winter bound

(1=p)(1=J3(2B)) + (1 =r)J5(2B) 61 = 9,

encoded QKD setup and SCW encoded QKD with the pro-
posed interface being used as two logical states discriminator.

1. Traditional scheme

The scheme of the original one-way SCW encoded QKD is
depicted in Figlp. Here Alice sends trains of pulses to Bob
via an optical channel with losses 17. Each of the pulses is in
SCW state, with subcarrier phase ¢4 being randomly set by
Alice out of two sets that correspond to different bases. The
Alice’s state upon arrival to Bob is

s
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where all parameters are described in section “The principle
scheme of the interface" of the main text.

At his side, Bob applies phase modulation to the received
state with the same modulation depth 8 but a randomly cho-
sen value for the subcarrier phase ¢p. The modulated state is
transmitted through the spectral filter that separates the carrier
(m = 0) from the sidebands (i # 0). The sidebands are trans-
mitted with power coefficient 1 — p, while the carrier is re-
flected with power coefficient r and is transmitted with power
coefficient 1 — r. After the filter, a non-discriminating single
photon counter with quantum efficiency € and a dark count
rate ¥ monitors the presence of a photon. At low intensity, the
probability of the detector clicking is

1ph (P4, OB)
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+ y) st, (A2)

where the np, (94, 9p) is a number of photons after the spec-
tral filter:

04 = ¢+, (A3

(
(32.137):
K=vP(1-f(QH(Q) — x(A: E)), (A4)

where v = 1/T is a repetition rate and Pg is probability of
bit detection at Bob’s side per pulse. Probability Pp can be
represented as a total probability of detecting a photon with
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FIG. 4. a) The traditional one-way SCW encoded QKD. b) The use of the proposed interface in one-way SCW encoded QKD for increasing
key generation rate. The principle schemes consist from phase modulator (PM), spectral filter (SF), beam blocker (BB), non-polarizing beam
splitter 50:50 (BS), optical circulator (OC). Red solid and Blue dashed arrows indicate the carrier and sidebands direction, respectively.
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a) Simulated key generation rate K of point-to-point SCW encoded QKD with the proposed interface used as state discrimination

(black solid) and conventional detection system (red dashed). b) Optimal values of amplitude | ¢ | (black bottom) and modulation depth
B ( upper) for two-state discrimination (solid) and single discrimination (dashed). ¢) Simulated key generation rate K with the same
parameters and labeling as in a) but with ¥ = 1 Hz. d) Optimal values of amplitude and modulation depth with labeling as in b) for y = 1 Hz.

correct and wrong bit decoding. Namely, it is a probability of
the event that Alice encodes logical bit value x and Bob get
the same bit value x or opposite bit value: (x+ 1)mod 2. For
x=0itis Pg = (Pget(0,0) + Pye(0, 7)) /2, where factor 1/2
comes from the 2 bases used in BB84 protocol. The product
f(Q)H(Q) defines an amount of information revealed during
error correction with f(Q) being an efficiency of error cor-
recting protocol and H(Q) being a binary Shannon entropy:

H(Q) = —Qlogy(Q) — (1 - Q)log, (1 - Q). (A5)

Here Q is a quantum bit error probability (QBER), which is
a ratio of detection with false decoding to the probability of

detection Pg:

Q: Pdel(oyn.)
Pdet(07 0) +Pdet(01 ﬂ) .

(A6)

The term ¥ (A : E) is Holevo bound for an amount of infor-
mation that is accessible to an eavesdropper for a given col-
lective attack. We assume Eve intercepts all photons lost in
the optical channel between Alice and Bob and records them
into her quantum memory unit. For sake of simplicity, we as-
sume that Eve “emulates” losses by inserting a beam splitter
with a power reflectivity coefficient 1 — 7 at the beginning of
the optical channel. Eve records the reflected photons into her
memory, while she sends the transmitted photon to Bob via a
lossless optical channel. It was shown [32]] that a collective



beam splitter attack provides Eve with the following informa-
tion:

1 2
A-EY=H|=(1- —lao|*(1-1)(1-Jo(2B)) A
x( : ) (2 (1 e 0 )) (A7)

By combining (A7) together with (A6) and (AS) in (Ad) we
simulate the secret key, assuming moderate efficiency of the
error-correction protocol f(Q) = 1.25 [38].

2. Scheme with two state discriminator

We consider the same one-way SCW-QKD as in previous
case but with Bob being using the interface for measuring both
state in a given bases during a single measurement. The sketch
of the setup is presented in Fig. b, where Alice’s state is sent
on the interface which output is subjected to single photon de-
tection. As itis covered in the main text, the spectral filter sep-
arates the carrier frequency from the sidebands of the Alice’s
state. The carrier is phase modulated with subcarrier phase
¢p = ¢r0. The second spectral filter separates the generated
sidebands from the carrier. The generated sidebands are over-
lapped at the 50:50 beamsplitter, whose output ports in modes
“4+" and “—" are monitored by a single photon counter with
dark count rate y. The probabilities of the detectors in mode
“+" or “—" getting a click are

Py (4, 08) = (Eni(q’;’%) +Y> ot, (A8)

where
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In the traditional scheme Bob discriminate particular state out
of given basis by a particular choice of a subcarrier phase ¢p
that corresponds to the target state. In contrast, in the pro-
posed scheme Bob can discriminate two state with subcarrier
phase different by 7 in a single measurement. Bob chooses
the particular basis by setting the phase of local oscillator ¢ o
of either 0 or /2.

QBER is calculated as a ratio between the probability of an
erroneous bit decoding and the total probability of bit decod-
ing from Alice to Bob

Pg

Q:Pc-FPE7

(A10)

where probability of erroneous bit decoding is

Pe =Py (0a, 04 +7)(1 = P_(¢a, 92 + 7))

+P-(9a,04)(1 — Py (9, 94)) (A11)
and probability of correct bit decoding is:
Po =Py (9a,04)(1 — P-(¢a,94))
+P-(¢a, 04+ 7)(1 — Py (P2, 94 + 7). (A12)

The probability of Bob detecting a bit erroneously or correctly
is modified to Ps = (Pg + Pc)/2 accordingly. Since Alice’s
state has not changed, we may use the same Holevo bound
for the eavesdropper as in the traditional case. Hence, the

Eq.(AT0) together with Eq.(A7) are used in Eq. to esti-

mate the key generation rate [39].

Parameter Description
e=0.1 Detector quantum efficiency
Y=50Hz Detector’s dark count rate
r=0.99 Filter’s carrier reflection

p = —40 dB | Filter’s sideband suppression factor
6t =33 ns Gating time
T =10ns Pulse repetition period

TABLE II. Model parameters

The key generation rates for the traditional and the pro-
posed scheme are presented in Fig. [Ba with the parameters
being summarized in Table [[I] For each value of 1 the con-
trol parameters such as o and B are numerically optimized.
The optimized values are depicted in Fig. [Sb. The proposed
scheme demonstrates a key rate about twice as large as the
conventional scheme at the given set of parameters. However,
the higher-order sidebands (| m| > 1) in the proposed scheme
introduce an error proportional to 0% Y.|,(>2 |Jm(B) ? that is
absent in the conventional scheme. It becomes especially clear
when using a detector with lower dark count rates. The key
rate for a model with the same parameters but Y = 1 Hz is
depicted in Fig. [Sk. At large values of losses (>50 dB), the
conventional protocol apparently takes over due to the men-
tioned contribution of the higher-order sidebands. To reduce
this effect, the optimal 3 for the proposed scheme is decreased
at larger losses, as shown in Fig. [5[l. One way to circumvent
this issue is to detect only one sideband, which may also help
mitigate the chromatic dispersion [40]. It is worth noting, that
we compare two QKD against the collective beam-splitter at-
tack for a purpose of differential comparison only and use the
same parameters for both case. For a complete security anal-
ysis more advanced attacks [41] should be incorporated.
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