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ABSTRACT

In a continuous variable quantum key distribution (CV-QKD) system, strong Einstein-Podolsky-Rosen entangled states can significantly
boost the robustness and distance for secure communication. However, an inevitable bias of two entanglement quadratures may degrade the
secret key rate and distance during random quadrature base switching. The bias originates from several interdependent factors in
the generation, propagation, and detection of entangled states, which faces a challenge to be completely eliminated. Here, we analyze in detail
the origin of the bias effect and report on a scheme of generating unbiased entangled states, whereby a —10.7 = 0.1 dB quadrature noise
unbiased entanglement is first generated experimentally with two single-mode squeezed states. The unbiased quadrature correlations within

the measurement bandwidth are expected to immensely enhance the key rate and secure distance for CV-QKD.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041289

Continuous variable (CV) Einstein-Podolsky-Rosen  (EPR)
entangled states are widely used in quantum key distribution (QKD),"
quantum storage,(7 quantum entanglement swapping,%10 quantum com-
putation,'”'* quantum dense coding,'”'* and quantum information
networks'”'® due to the quadratures of the two subsystems possessing
quantum correlations. Therein, CV-QKD systems are encoded in the
quadratures of the quantized electromagnetic field, such as those of
coherent states, and homodyne or heterodyne detection techniques are
used for signal extraction.”'”* Tt promises information theoretic security
in data communication and is currently being prepared for commercial
applications. However, before QKD can be widely popularized in real-
life, it is confronted with a number of main challenges, " i.e., secret key
rate, distance, speed, size, cost, and practical security.l()‘zz’ﬂ7

To enlarge the secret key rate and distance, one obvious strategy
is to reduce the channel loss and excess noise and to increase the post-
processing efficiency. Recently, the maximum security distance was
already reached at 202km fiber for the coherent-based protocol by
combining a phase compensation and highly efficient post-processing
techniques,”” which represented a more practical way for the imple-
mentation of the CV-QKD. This also highlights a limitation of existing
repeaterless QKD schemes—they can never surpass the secret key
capacity (SKC) bound [or Pirandola-Laurenza-Ottaviani-Banchi

(PLOB) bound].”**’ Theoretical and experimental evidence demon-
strated that a CV-QKD protocol based on entangled states can be
more tolerant to channel excess noise, loss, and limited post-
processing efficiency.” ' For instance, using a —3.5dB of impure
and modulated two-mode squeezing, a secret raw key was generated
between two parties connected by a noisy and lossy channel, a channel
that is not secure for coherent state protocols, which significantly boost
the robustness and distance for secure communication.” Nevertheless,
the communication distance and secret key rate are directly related to
the magnitude of the quantum correlations of the quadratures for
entangled states.”” If two users, Alice and Bob, share a long random
string of secret bits—the key—then they can achieve secure communi-
cation by encrypting their messages with the standard one-time-pad
encryption scheme. During the decryption, they also randomly extract
the information based on a random quadrature base. Therefore, in
order to keep the advantages of the entangled source in a long distance
and high secret key rate for CV-QKD communication, the entangled
states should be prepared not only with strong quantum correla-
tions™>** but also with unbiased quantum correlations™ to satisfy the
measurement for random quadrature bases.

For a variety of EPR applications, researchers have realized the
significance of symmetric entanglement.””**>*" In a practical
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quantum system, the bias effect is inevitable, especially for high degree
EPR generation,”” unless there is an active manipulation. The bias
originates from several interdependent factors in the generation, prop-
agation, and detection of entangled states, which faces challenge to be
completely eliminated. Currently, CV-QKD based on EPR quantum
correlation has been experimentally or theoretically demonstrated
without considering the influence of the bias effect between the two
quadrature components.”**>* This inspired a subsequent work,
which exploited a method to complete two key challenge indicators
for EPR entanglement: (1) generation of high entanglement degree for
the two quadrature components; and (2) achievement of an unbiased
entanglement under premise of keeping a high entanglement degree.
In comparison with the physical properties of unidimensional and two
dimensional protocols in coherent or squeezed states, the bias effect
will contravene the random quadrature base measurement rule and
may weaken the secure distance for CV-QKD due to some informa-
tion discarding in one of the measured quadratures.””*

This work completely quantifies the study of the bias effect in
EPR state preparation and allows us to build controllable quantum
correlations with the experimental parameters, ie., channel losses,
squeezing factors, and ratio of the beam splitter. An unbiased entan-
glement with —10.7 dB@5 MHz below the quantum noise limit (QNL)
was experimentally established. Meanwhile, the unbiased correlations
also showed a significant performance in a broadband frequency spec-
trum within the bandwidth of the squeezer.

An entanglement state is generally prepared by coupling two
equivalent squeezed states, i.e., V, = V. In a realistic scenario, several
parameters may destroy the symmetric correlations and introduce a
bias effect.”””" Therefore, the EPR correlations should be globally
reconsidered under a non-ideal condition. By introducing the losses in
the optical channel of the EPR modes (¢, and &,) and balance of the
50/50 BS ((1-T):T), the amplitude and phase quadrature variances of
the two modes of the EPR states are deduced as

ViX) = [TVv(V) + (1 - Vi) (1 — &) + 2, (D
Vo(Y) = [TVa(X) + (1 = D)Vi(V)] (1 = &) + &, )
Vo(X) = [(1 = T)Va(Y) + TV, (X) ] (1 — &) + &, (3)
Vo(Y) = [(1 = T)Va(X) + TV (V) | (1 — &) + & (4)

Based on the theory in Refs. 38 and 39, the quantum correlation
variances for the two quadratures can be inferred as

V(X, + Xp) = aVi(X) + B Va(Y) + &0 + o, (5)
V(Ve = Vo) = Vi(Y) 4 B, Va(X) + &0 + e, (6)

where X ab (f/a’b) is the amplitude (phase) quadrature operator.
o1, 0, B, and 5, are the noise coupling coefficients:

o =(1—e)1-T)+(1—e)T

+2¢/(1 =) (1 = &) VTVI = T, @)
Bi=1—e)T+(1—&)1-T)

—2y/(1 = &)1 — &) VIVI - T, (8)
wm=1-g)1-T)+(1—e)T

—2/(1—&)(1 —&)VIVI—T, ©9)

scitation.org/journal/apl

Bo=(1—e)T+(1—g)1-T)
+2¢/(1 = &) (1 — en)VTV1 - T, (10)

where Vi(Y), V,(Y) are the phase (anti-squeezing in our scenario)
quadrature variances of the two squeezed states.”""*" Apparently, the
deviation of the three parameters (V;,(X), T, &) will introduce a
bias effect AV = V(X, + X},) — V(Y, — Y3) for the two quadrature
correlations, which should be comprehensively interpreted.

Typically, with e, =0 and T =0.5, then oy =f,=2
and fi;, = oy =0, and the quantum correlations are simplified to
V(X, + Xp) = 2Vi(X) and V(Y, — Y},) = 2V,(X), in which the
influence of the anti-squeezing quadrature is vanished. If an unbiased
entanglement is demanded, the identical variance for the two
squeezing must be fabricated to meet the requirement.

Second, for the case of T = 0.5 or &, = &, the transformation
coefficients are reduced to oy = f§, and f§; = o, that is to say, an
unbiased entanglement can be also produced under the condition of
Vi(X) = Va(X).

Third, for a small bias of ¢, and T, a biased entanglement is pro-
duced, which is mainly attributed to the different noise coupling in the
amplitude (o; V(X)) and phase squeezing (3, V2(X)) (o # f, ~ 2)
and partly attributed to that of the anti-squeezing components
(B Va(Y), 0 V1(Y), By # a2 = 0). It can be found that o; V;(X) has
a major contribution to the amplitude correlation, and the phase cor-
relation is sensitive to 3, V,(X).

The channel losses ¢, , are first confirmed as constant. The EPR
quantum correlations are manipulated by T or V,(X). (1) Fig. 1(a): a
—11dB amplitude squeezing is coupled with the other squeezing by
an unbalanced BS (T = 0.485) and different optical losses
(62 = 0.03,&, = 0.01). When V,(X) = —10.5 dB, an unbiased entan-
glement is produced as —9.5 dB. (2) Figure 1(b): with the same loss as
(a) and V;(X) = V,(X) = —11 dB, but T is identified as the indepen-
dent variable. An unbiased entangled state (—10dB) appears at
T=0.5. Figs. 1(a) and 1(b) demonstrate that the noise variances of
the two quadratures will exchange magnitude at the symmetrical sides
of the unbiased point. Compared with the two methods [Figs. 1(a)
and 1(b)], the balance of the BS will produce the highest degree of
EPR entanglement.

Subsequently, ¢, is constant and ¢, simulates a real loss environ-
ment. The results are shown in Fig. 1(c): the amplitude correlation is
insensitive to the optical loss &, which induces a larger AV after the
point of the intersection with the loss increasing. It is due to the effect
that the noise coupling of ¢, in a; (T = 0.485) is smaller than that in
p, (1 — T =0.515), which will import less noise to the amplitude
sum correlation than the phase difference one.

In a word, when the squeezing factors from the two squeezers are
equal, the unbiased entangled states can be prepared by a balanced BS
or loss, unnecessary to simultaneously meet the two requirements.
However, the optical loss in the quantum channel is uncontrollable in
a practical CV-QKD; thus, the balanced BS is more practical. As a
result, the unbalanced channel loss (e, # ¢,) does not influence the
unbiased character for the two quadratures anymore, which is
extremely valuable for a CV-QKD based on unbiased entangled states.
Figure 2 shows a theoretical relation between the AV and secret key
rate based on the parameters in Table I, Figs. 1(b) and 1(c), and an
EPR CV-QKD protocol in Ref. 4. Secret key rates for three distribution
distances (50, 100, and 150km) are calculated. The results
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FIG. 2. Secret key rates for three secure distances of 50 km (a), 100 km (b), and 150 km (c) vs the bias correlations AV of the entanglement. The circular dots in Figs. 2(b)

and 2(c) represent that CV-QKD is insecure for Al = 0.

demonstrate that the secret key rate decreases with the increase in AV;
meanwhile, a larger bias AV could result in a shorter maximum secure
distance, i.e., a 1 dB biased variance will limit the maximum secure dis-
tance to 100 km [Fig. 2(b)].

The experimental schematic diagram of the entangled states gen-
erator is shown in Fig. 3. A CV single-frequency fiber laser with 2W
output power (E15, NKT Photonics) is used for the preparation

(DOPA) and demodulation (BHD) of the EPR states. The mode
cleaners (1550 nm MC1 and MC2) are employed to prepare the local
oscillator (LO) for the two BHDs and the seed beams of the two
DOPAs (40 mW) and the injection (1.57 W) of the second harmonic
generator (SHG) (775nm-1.12 W). Both of the DOPAs are semi-
monolithic singly resonant standing wave cavities with similar param-
eters in Refs. 18 and 34, except for an air gap of 21 mm and a concave

TABLE I. The parameters used to calculate the secret key rate of Figs. 2(a)-2(c). Note: Refs. 1-5 and 42: the secret key rate of reverse reconciliation (RR):
Al = Blag — yge, Iag is the Shannon mutual information between the measurement results of Alice and Bob and g represents the Holevo quantity between Bob's data and
Eve’s quantum states. The QKD protocol is secure, while the key rate Al > 0. In biased and unbiased EPR protocols, the purification of the source quantum states is carried
out for estimating the key rate. The channel loss is determined by the length of the fiber and is the same as the biased and unbiased protocol for a certain distance. The excess
noise is attributed to the phase fluctuations and imperfections in the state’s preparation, modulation, transmission, and detection processes.*** The reconciliation efficiency f is
a function of the signal-to-noise ratio (SNR) and is also related to the algorithm being used for the reconciliation and computational power in trusted devices. Here, the optimum
efficiency for experimental conditions is considered.”” The details of the strict demonstration will be investigated in a further paper [Zhang et al. (unpublished)].

Loss
Reconciliation Excess coefficient Detection efficiency Detection efficiency Electronic noise
efficiency noise of a fiber of Alice of Bob of Bob
p E o (dB/km) Na g VelB
0.99 0.1 0.2 0.99 0.843 0.01
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FIG. 3. The schematic of the EPR entangled states. The EPR source, which contains the laser and noise filter, EPR entangled state, and quantum channel of EPR1 and
BHD1, is attributable to Alice. AM, amplitude modulator; PM, phase modulator; PBS, polarization beam splitter; SHG, second harmonic generator; MC, mode cleaner; DOPA,
degenerate optical parametric amplifier; DBS, dichroic beam splitter; BS, 50/50 beam splitter; PD, photodetector; HWP, half wave plate; BHD, balanced homodyne detector;
and Shutter, used to open or close the power attenuation plate.

mirror with a 25 mm radius of curvature. Both DOPAs have a similar The entangled states are prepared by actively locking the relative
finesse (linewidth) of the fundamental wave about 47.2 (83.2 MHz), phase ¢ between two squeezing beams to 7/2 with a weak signal from
the escape efficiency about 98.4%, and threshold pump power about a 99:1 BS. A rotating platform is installed under the BS to adjust the

520 mW. transmissivity 7. A power attenuation shutter is applied for loss
0.4 2 2
(@) 1 (b)
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]
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]
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g 5 7=0.485
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FIG. 4. (a)—(c) Experimental measurement for the dependence of the noise variance asymmetric AV on the pump power P, of the DOPA2, the transmission T of the BS, and
the optical losses ¢ and &. (d) and (e) Noise variances V(Xa+Xp) and V(Y,—Y,) for the biased and unbiased EPR entangled states. (a)
T =0.563 = 0.03 # &, = 0.01, and Py/Pyn1 = 0.8; (b) V4(X) = Vo(X) = —11 dB and &, = 0.03 # &, = 0.01; (c) V4(X) = Vo(X) = —11 dB and &, = 0.03. (d)
T = 0.485, ¢, = 0.03 # & = 0.01, and Py /Pt = Po/Pnp = 0.8,V(Ya — Yp) = —10 dB and V(X; + Xp) = —9.3 dB@5 MHz; (¢) T = 0.5, ¢, = 0 # &, = 0.01, and
P1 /Pt = Pa/Ppy = 0.8, V(Xa + Xp) = V(Ya — Yp) = —10.7 dB@5 MHz. Analysis frequency: 5 MHz, RBW: 300 kHz, and VBW: 100 Hz.
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controlling; third, the squeezing and anti-squeezing factors are fine-
tuned by the pump power injected into the DOPAs.

It is well known that optical losses reduce the squeezing by
mixing vacuum noise into the squeezed quadrature and the phase fluc-
tuations further deteriorate the measured squeezing level by projecting
the noise of anti-squeezed quadrature onto the squeezed one. By care-
fully managing the losses and phase fluctuations, we had generated
squeezed states with high squeezing factors,"”***> which is a building
block for constructing a 10dB entangled state. The prerequisite for
unbiased entangled state generation is that all the resonators and rela-
tive phases in Fig. 3 for the preparation of squeezing and entanglement
should be accurately locked as much as possible, whereas a biased
effect will appear. For instance, supposing a pair of 11 dB squeezed
states is used for entanglement generation, only a phase drift of 12
mrad between the two squeezing modes, neglecting other interfering
factors, results in a bias quadrature noise of 1 dB.

To satisfy the requirement of ultralow phase drift for unbiased
entanglement generation, some more strict technical conditions have
to be developed. Our phase locking technology begins with an ampli-
tude modulator (AM, a modulation frequency of 30 MHz) and/or a
phase modulator (PM, a modulation frequency of 40 MHz), and they
print a pair of modulation sidebands symmetrical to the carrier fre-
quency of the seed beams injected into the DOPAs. The amplitude
modulation signal is demodulated by the downstream photo detector
(PD-phase 7/2) for /2 phase locking, e.g., the relative phase between
the two squeezed modes; the phase modulation signal is extracted by
PD-phase 7 for locking the length of DOPAs with PDH technique or
the relative phase of 7 between the pump and seed beams before
DOPA. The modulation signal provides an AC locking technique,
which can drastically decrease the zero point drift for the reference
point of the phase locking error signal. The DOPA is a highly under-
coupled resonator, which makes its output power very low, about
10~* of the seed beam. Therefore, the weak beam brings into a big
challenge for the downstream phase locking. To obtain a stable phase
locking in the weak signal condition, several improvements have been
proposed in our control loop. At first, a high-gain feedback loop is
required to reduce the phase fluctuation. Here, we employ a high-Q
resonant photodetector (RPD) as the first sensor stage of the feedback
loop to improve the signal-to-noise ratio of the error signal."**’
Second, the feedback loop should have little zero baseline drift. We
design an electro-optic modulator (EOM) with low residual amplitude
modulation (RAM) to reduce the relative phase variation with
time.””** As two key elements of the feedback loop, both the RPD and
low-RAM EOM underpin the low phase fluctuation. Due to the fact
that squeezing is sensitive to the phase fluctuations, the fluctuation can
be accurately quantified by fitting the relations between the pump
power and squeezing variances with the models in Refs. 34-37. As a
result, the relative phase ¢ fluctuation after active control is demon-
strated to be only 3.1 mrad, corresponding to 0.06 dB bias quadrature
noise (entanglement degree of 11 dB). It is the indispensable prerequi-
site for constructing unbiased EPR correlations and excludes the phase
fluctuations contributing to the bias effect.

During the EPR preparation, the bias effect is studied in detail, by
manipulating one of the squeezed states V,(X), the transmissivity T of
the 50/50 BS, and channel losses &,. Throughout the experiment,
DOPAL generates a maximum squeezing with a factor of —11 dB, cor-
responding to an anti-squeezing of 21 dB. Figure 4 shows the bias

scitation.org/journal/apl

effect experimentally in two cases. (1) Case I [Figs. 4(a) and 4(c)]:
T = 0.5, the pump power of DOPA2 is changed to control the squeez-
ing strength, and the shutter in the optical channel of mode A or B is
used to manipulate the loss. When the two amplitude squeezed states
are with an identical squeezing level, an unbiased entanglement [point
A in Fig. 4(a)] is produced. The symmetrical quadrature correlation
status is independent of the channel loss [square point in Fig. 4(c)],
whereas a biased entanglement is generated [Fig. 4(a)]. (2) Case II
[Figs. 4(b) and 4(c)]: V1 (X) = V,(X), the transmissivity T is changed
by tuning the incident angle of the BS. A bigger deviation of the BS
from 50:50 results in a larger noise asymmetry AV between the
two quadrature correlations [Fig. 4(b)]. For a certain splitter ratio
T = 0.485, AV increases with the loss bias growing up [circular dots
in Fig. 4(c)], and only when &, = ¢&,, an unbiased entanglement is
produced. All the measured results are in good agreement with the
theoretical ones [the fitted curves in Figs. 4(a)-4(c)].

Figures 4(d) and 4(e) show the broadband noise spectrum for
biased and unbiased entangled states with the maximum noise
reduction (—10.7 dB, with an inseparability criterion of the corre-
lations \/V(Xa + X)) V(Y, — ¥p) = 0.085, is mainly limited by
the total optical loss in the system.), which exhibit a frequency
independent bias effect, i.e., the biased or unbiased correlations
keeps its own noise growing trend, without exchanges identity
each other. Here, only the 5-15 MHz broadband noise spectrum is
shown, while the higher frequency noise spectrum is omitted, and
due to a limited linewidth of the DOPA, the noise reduction rap-
idly decreases above 15 MHz. Meanwhile, the correlations of the

Yeu(SNU)
o

e s 9 0 4 8 12 Pz s 4 0 4 8 1
Xaice(SNU) Y aice(SNU)
(b) 12 12
8 8

Yeu(SNU)
o
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Xaice(SNU) Yaice(SNU)

FIG. 5. The measured amplitude X and phase Y quadrature correlations between
the two balanced homodyne detectors. The black area represents the coherent
state, and the red area is the correlations of the entangled states. (a) Correlations
of the initial EPR source without additional channel losses. (b) Correlations with
mode B of the EPR source introducing a 90% loss.
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amplitude X and phase Y quadrature for unbiased entangled states
were measured at the sideband frequency of 5MHz [Fig. 5(a)],
which also presents symmetrical correlations for the two quadra-
tures. Furthermore, a 90% loss was introduced into the optical
path of mode B, and then the two quadratures also show symmet-
rical correlations. The broadband frequency and loss independent
unbiased quadrature correlations are expected to immensely
enhance the key rate and security distance for CV-QKD.

In conclusion, we theoretically analyze the biased effect in the
preparation of entangled states and experimentally demonstrate unbi-
ased entangled states. By optimizing the parameters in the state prepa-
ration, transmission, and detection processes, an unbiased entangled
state with —10.7dB @ 5MHz quadrature correlations was first com-
pleted. The results verified a frequency and loss independent unbiased
correlation character, which is suitable for the application of high
speed and long distance CV-QKD. In the future, the unbiased entan-
glement source will be expected to apply to a practical available tech-
nology and feasible CV-QKD protocol to further boost the secret key
rate and distance.
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