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Free-space continuous-variable quantum key distribution of unidimensional Gaussian modulation
using polarized coherent states in an urban environment
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An experiment evaluating continuous-variable quantum key distribution (CV-QKD) in an urban environment
free-space channel has been accomplished using a single homodyne detector. This is based on Gaussian
modulation with coherent states in the polarization degree of freedom. We achieved a QKD distance at 460 m at
a repetition rate of 10 kHz. The secure key rate is 0.152 kbps at the typical reconciliation efficiency of 0.95. The
experimental setup of this scheme is simplified, and the barrier for implementation has been remarkably reduced
compared to that for traditional symmetric modulation protocols, for example, the GG02 protocol proposed in
F. Grosshans and P. Grangier [Phys. Rev. Lett. 88, 057902 (2002)]. The influence of the security key rate by
asymmetric modulation is small for a relatively low channel loss condition in a free-space environment. This
scheme is expected to have significance for future practical applications.

DOI: 10.1103/PhysRevA.100.012325

I. INTRODUCTION

Quantum key distribution allows two authorized distant
parties, Alice and Bob, to share a common key via a po-
tentially eavesdropped quantum channel. The first quantum
key distribution (QKD) protocol was proposed in 1984 [1].
Continuous-variable (CV) QKD protocols, especially those
with a coherent-state light source, have been focused on in
recent decades [2–4]; these protocols utilize balanced ho-
modyne detection techniques and light sources that are not
at the single-photon level. Therefore, this approach has the
advantages of higher detection efficiency, and thus a higher
secure key rate, and antiphoton number attack. During the past
few years of development, CV-QKD protocols and experiment
have been simplified. First, the coherent-state protocols show
substantial advantages against squeezed-state versions [5–8]
in the preparation of a light source, and the theoretical secure
distance improves remarkably, which has led to deep research
on CV-QKD theory and the realization of variable experiment
schemes. Regarding present experiments in the field of CV-
QKD, the symmetrical Gaussian modulated coherent-state
protocols have been well studied [9–14] since the composable
security analysis has been revealed [15]. Second, instead of
Gaussian modulation, the discrete modulation reduces the
complexity of classical postprocessing, which causes a low
signal-to-noise ratio due to the long-distance propagation loss.
Finally, the coherent-state unidimensional CV-QKD protocol,
proposed in 2015 [16], further simplified the apparatus in
both preparation and detection since only one of the quadra-
tures needs to be Gaussian modulated, instead of both being
modulated simultaneously. The experimental scheme in fiber
channels was illustrated in [17], and the security key rate in a
finite-size scenario was proved [18].

The security of CV-QKD has been studied extensively in
recent years. Reference [19] gives the extremality of Gaussian

states, and as a consequence, the Gaussian collective attacks
are optimal in the asymptotic region [20,21]. In 2010, the
finite-size effect analysis of CV-QKD was given in Ref. [22].
The security against general attacks in the practical finite-size
region was proven in 2013 [23] by exploiting the symmetry
of modulation and postselection in phase space. Soon after,
Leverrier [15] achieved the composable security for coher-
ent CV-QKD protocols against collective attacks, which es-
tablished the security of coherent protocols against general
attacks. Furthermore, the composable security of unidimen-
sional CV-QKD was revealed in [24].

In addition, a free-space channel is insensitive to polar-
ization compared to a fiber channel, which results in the
light polarization being nearly unchanged during propagation.
Thus, the polarization controller on the receiver’s side can
be omitted. In other words, the system does not have to
calibrate the polarization direction frequently, reducing the
calibrating time of nonkey distribution, and thus increases
the key rate. On the other hand, encoding with polarization
avoids the nonsynchronous disturbance of the phase. There-
fore, the phase locking between the local oscillator and signal
is unnecessary since the polarization has been aligned to
the same direction, significantly simplifying the difficulty of
system implementation. The security distance of CV-QKD in
free-space [8,10,11,25] channels can reach dozens of kilo-
meters, making it compatible with communications in urban
conditions. This is expected to play an important role in future
practical applications.

This experiment uses the unidimensional CV-QKD scheme
in the free-space channel, modulating the polarization quan-
tum Stokes parameter with the Gaussian distribution. The re-
sulting security key rate in a real urban environment condition
is 460 m, the performance of which was slightly lower than
expected; however, this approach was obviously simplified
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and more adaptable to experimental environments compared
to the GG02 protocol in the same conditions.

II. STOKES OPERATOR ENCODING

In this section, we describe the preparation-and-
measurement configuration of the unidimensional protocol
proposed in [16], which corresponds to the prepare-and-
measurement experimental implementation. In symmetric
CV-QKD protocols such as the GG02 protocol both
quadratures, X and P, must be modulated simultaneously.
However, in the unidimensional protocol only a single
quadrature, without loss of generality, denoted X , will be
modulated. Each coherent state sent by Alice is displaced by
x in the phase space, which obeys a Gaussian distribution
centered at zero and has the variance of VM . Additionally,
the variance of the other quadrature is 1, normalized at the
shot-noise unit. Bob performs homodyne detection on the X
quadrature in a certain time interval and randomly switches to
monitoring the variance of the P quadrature as a covariance
matrix parameter VP. After Alice and Bob share a sufficiently
long sequence of real-number raw key data, they estimate the
channel parameters using a small random part of the data and
perform reverse reconciliation [3].

For polarization encoding, quantum Stokes operators are
treated as quadratures, which are defined as [26]

Ŝ0 = â†
H âH + â†

V âV , Ŝ1 = â†
H âH − â†

V âV ,
(1)

Ŝ2 = â†
H âV + â†

V âH , Ŝ3 = i(â†
V âH − â†

H âV ),

where subscripts H and V label the creation and annihila-
tion operators along the horizontal and vertical polarization
modes, respectively. These creation and annihilation operators
both have the same commutation relations and Heisenberg
uncertainty principle as quadratures X and P, except for a
constant coefficient:

[â j, â†
k] = δ jk, j, k = H,V (2)

and

[Ŝ j, Ŝk] = 2iε jkl Ŝl , j, k, l = 1, 2, 3, (3)

while the variance of the latter three Stokes operators satisfy

Var[Ŝ2]Var[Ŝ3] � |〈Ŝ1〉|2. (4)

In our experiment, we use the polarization degree to encode
information. The S1-polarized (vertical mode) coherent-state
light plays the role of a local oscillator (LO). S3- and S2-
polarized states are two orthogonal quadratures, and S3 states
are generated by an electro-optical modulation (EOM). Since
the intensity of modulated light is far weaker (approximately
3 orders of magnitude lower; see Sec. IV) than LO, the loss
of LO is negligible compared to its intensity |〈Ŝ1〉|, so it
remains nearly unchanged. In other words, the right-hand side
of Eq. (4) is approximately a constant. The output light is at
a strong vertical polarized mode, with a superposition of a
very weak circular mode. More explicitly, the shape of the
polarization state in the H-V plane is an ellipse with an ec-
centricity of nearly 1, and its long and short axes are oriented
in the vertical and horizontal directions. In this condition, the

Stokes operators can be normalized as

Ŝ′
2 = Ŝ2√

S1
, Ŝ′

3 = Ŝ3√
S1

. (5)

They have the same commutation relations and Heisenberg
uncertainty. For distinguishability and for simplicity, we still
use the new symbols X and P instead of S′

2 and S′
3 below,

unless otherwise mentioned.
To explain how the polarization changed in the setup, with-

out loss of generality, except for a phase factor, we assume that
the annihilation operator of incoming light is

â0 = aLO

[
0
1

]
. (6)

Passing through a half-wave plate whose slow axis is 22.5◦ to
the horizontal direction, the annihilation operator of the output
light is

â1 = aLO√
2

[
1
1

]
. (7)

If the applied voltage of the EOM is U , the phase differ-
ence between ordinary and extraordinary light is φ = πU/Vπ ,
where Vπ is the half-wave voltage of the EOM. Then the light
is

â2 = aLO√
2

[
1

eiφ

]
. (8)

On the receiver’s side, the light then passes through a half-
wave plate (HWP) and a quarter-wave plate (QWP) whose
slow axes are 22.5° and 45° to the horizontal direction,
respectively. The Jones matrices of HWP and QWP are

JH (θ ) =
[

cos 2θ sin 2θ

sin 2θ − cos 2θ

]
,

JQ(θ ) =
[

cos2 θ + i sin2 θ cos θ sin θ (1 − i)
cos θ sin θ (1 − i) sin2 θ + i cos2 θ

]
, (9)

where θ is the angle between the QWP’s slow axis and the
horizontal direction. So the light through the QWP is

â3 = [a3H , a3V ]T = JQ

(
π

4

)
JH

(
π

8

)
â2

= aLO

2

[
1 + ieiφ

1 − ieiφ

]
. (10)

After a 50:50 polarized beam splitter (PBS) and a balanced
homodyne detector, the measurement result is the difference
between the photon number transmitted from the PBS and that
reflected from the PBS, which is

nmeas = a†
3H a3H − a†

3V a3V = −a2
LO sin

πU

Vπ

. (11)

When U � Vπ ,

nmeas ≈ −a2
LO

πU

Vπ

. (12)

According to Eq. (11), the EOM introduces a circularly
polarized component that is measured by Bob’s differential

detector. If U ∼ N (0, �2), then n ∼ N (0,
a4

LOπ2�2

V 2
π

). The rela-
tion between the applied voltage on the EOM and modulation
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FIG. 1. Entanglement-based description of unidimensional CV-
QKD. Alice prepares a two-mode squeezed vacuum state, then
measures mode A using homodyne detection; then the remaining
part, mode B0, is sent through the channel. Bob’s nonideal detector
equals a PBS followed by an ideal detector.

variance VM is

VM = π2�2V 2
LO

V 2
π N0

, (13)

where VLO is the voltage of the local oscillator on Alice’s side
generated and applied by the data acquisition module (DAQ)
and N0 is the shot noise in SI units. According to the definition
of the Stokes operators, the expectation values of Ŝ3 and Ŝ1 are
〈Ŝ3〉 = nmeas and 〈Ŝ1〉 = a2

LO cos φ ≈ a2
LO, respectively. Thus,

the quadratures defined in Eq. (5) can be expressed using the
measurement data nmeas and prepared data nprep as follows:

Xa = nprep√
na

, Xb = nmeas√
nb

, (14)

where na = a2
LO and nb = T ηna are the average numbers of

photons of the local oscillators of Alice and Bob, respectively,
which can be monitored by a power meter or oscilloscope
in units of voltage. nprep can be expressed using the applied
voltages nprep = na sin φ = na sin πU

Vπ
. Additionally, T and η

are the overall transmittance and detection efficiency of the
homodyne, respectively. Since the photodiodes work linearly,
Xa and Xb are proportional to the average number of photons
and thus proportional to the voltages measured by DAQs.

III. SECURITY ANALYSIS

The security key rate for the unidimensional protocol is
computed in [16,18] against collective attacks in asymp-
totic and finite-size regions, respectively. In the equivalent
entanglement-based description, as shown in Fig. 1 [18],
Alice prepares a two-mode squeezed vacuum state and mea-
sures one of its modes using homodyne detection. The other
mode, B0, is sent to Bob through a quantum channel with the
potential of Eve. As is already known, the lower-bound key
rate is given by

K = βIAB − χBE , (15)

where

χBE = S(E ) − S(E |xb) (16)

is the Holevo information [16,27] between Bob and the eaves-
dropper in the scheme of reverse reconciliation and β is the
reconciliation efficiency. Since the eavesdropper holds the
purification of state ρAB1E [18,28], and state ρARHB is pure,
the von Neumann entropy can be expressed as

S(E ) = S(AB1), S(E |xb) = S(ARH |xb), (17)

which can be calculated through the covariance matrix
�AB1 and conditioned entropy �ARH |xb , respectively. More
explicitly,

χBE = G(λ1) + G(λ2) − G(λ3) − G(λ4), (18)

where the function G(x) is defined as

G(x) = 1 + x

2
log2

1 + x

2
− 1 − x

2
log2

1 − x

2
(19)

and λ1,2 and λ3,4 are symplectic eigenvalues of �AB1 and
�ARH |xb , respectively [18].

In the description of the entanglement-based scheme, the
covariance matrix of a two-mode squeezed vacuum state is

γTMVS =
[

V I2

√
V 2 − 1

σz

√
V 2 − 1σz V I2

]
, (20)

where σz is one of the Pauli matrices. The variance V is equal
to

√
VM + 1 in the prepare-and-measure scheme with the

modulation variance of VM . According to [16], the covariance
matrix for a unidimensional protocol is built by a squeeze
operation on one of its modes; for example, for mode A,
with a squeezing parameter of r = − ln

√
V , the following

covariance matrix results:

γAB0 = SγTMVSST

=

⎡
⎢⎢⎢⎢⎢⎣

V 0
√

V (V 2 − 1) 0

0 V 0 −
√

V 2−1
V√

V (V 2 − 1) 0 V 2 0

0 −
√

V 2−1
V 0 1

⎤
⎥⎥⎥⎥⎥⎦,

(21)

where the squeezing operator S is

S = I2

⊕ [√
V 0

0 1√
V

]
. (22)

Now assume that the channel transmittance and noise in X (or,
equivalently, S1) are T and ε, respectively. After transmission
through the noisy channel, the covariance matrix becomes

γAB1 =

⎡
⎢⎢⎢⎣

V 0
√

TV (V 2 − 1) 0
0 V 0 CP1√

TV (V 2 − 1) 0 1 + T (V 2 + χline ) 0
0 CP1 0 VP1

⎤
⎥⎥⎥⎦,

(23)

where VP1 and CP1 are the P quadrature variance and cor-
relation between the X (or S3) and P (or S2) quadratures
on the B1 side and χline = 1−T

T + ε is the equivalent noise
introduced by channel loss and excess noise ε. Since the P (or
S2) quadrature is unmodulated, VP1 and CP1 remain unknown
to all communication parties, including the eavesdropper. VP1

can be monitored on Bob’s side. Considering the realized
model of balanced homodyne detectors (BHDs), it has a
nonunity detection efficiency η and electronic noise Ve in
shot-noise units. It is modeled as an ideal BHD, followed
by a PBS of a transmittance efficiency η. A thermal state H
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whose noise variance is Vth = 1 + Ve
1−η

is injected from one of the ports of the PBS. In this case, the covariance of Alice and Bob
is [18]

γAB =

⎡
⎢⎢⎢⎣

V 0
√

ηTV (V 2 − 1) 0

0 V 0
√

ηCP1√
ηTV (V 2 − 1) 0 1 + ηT (V + χtot ) 0

0
√

ηCP1 0 η(VP1 + χhom )

⎤
⎥⎥⎥⎦, (24)

where the equivalence noises are

χhom = 1 + Ve

η
− 1, χtot = χline + χhom/T . (25)

Since the unknown parameters CP1 and VP1 must be physical,
the Heisenberg uncertainty principle gives their bound,

γAB1 + i� � 0, (26)

where

� =

⎡
⎢⎣

0 1 0 0
−1 0 0 0

0 0 0 1
0 0 −1 0

⎤
⎥⎦. (27)

In the assumption of a reverse reconciliation [3], Alice guesses
Bob’s measurement, so she holds the conditioned covariance
matrix:

γA|xB =
[√

VM+1(1+ηε)
1+η(VM+ε) 0

0
√

VM + 1

]
. (28)

The conditioned covariance matrix γARH |xB can be derived
using a partial measurement of γARHB, which is the rearrange-
ment of the rows and columns of matrix γABRH [28],

γABRH = Y T
PBS(γAB1 ⊕ γEPR)YPBS, (29)

where YPBS is the symplectic transformation matrix of the PBS
and γEPR is the covariance matrix of the Einstein-Podolsky-
Rosen (EPR) entangled state,

YPBS = I2 ⊕
[√

ηI2
√

1 − ηI2√
1 − ηI2

√
ηI2

]
⊕ I2,

γEPR =
⎡
⎣VthI2

√
V 2

th − 1σz√
V 2

th − 1σz VthI2

⎤
⎦. (30)

λ1,2,3,4 can be expressed by parameters of transmittance
T , excess noise ε, P quadrature variance VP1, modulation
variance VM , and correlation CP1, which should be scanned
in the physical region to minimize the secret key rate [18]:

λ2
1,2 = 1

2 (A ±
√

A2 − 4B), λ2
3,4 = 1

2 (C ±
√

C2 − 4D),

(31)

where the symbols A, B, C, and D are

A = 1 + VP1 + VM + VP1(ε + VM )T

+ 2CP(1 + VM )1/4√VMT ,

B = [
VP1(1 + VM ) − C2

P1

√
1 + VM

]
(1 + εT ), (32)

C = A(1 + Ve) + [(εT + 1)(VM + 2) + VMT − A]

1 + εT η + VMT η + Ve
,

D = B(1 + Ve − η) + (1 + VM )(1 + εT )η

1 + εT η + VMT η + Ve
. (33)

IV. EXPERIMENTAL SETUP

The experimental setup for the unidimensional CV-QKD
system in free space is shown in Fig. 2.

The continuous-wave laser centered at 786 nm, approxi-
mately 1 nm of the FWHM, is fiber pigtailed and coupled
to the free space in the Gaussian mode. The signal is mod-
ulated by the EOM (Thorlabs, EO-AM C1, wavelength of
600–900 nm) at a pulse repetition frequency of 10 kHz and
a sample rate of 1 MHz, which is mainly limited by the
maximum sample rate of the DAQ (NI PCIe-6363, maximum
acquisition rate is 2 MHz). Thus, each pulse contains 100
sample data, and the duty cycle of the signal pulse is 10%.

The output intensity is 15 mW, and it is first attenuated by a
sandwich structure consisting of two half-wave plates (HWPs)
and two PBSs (Thorlabs PBS252). As the extinction ratio of
the PBSs is larger than 30 dB, by rotating the polarization with
the HWPs, the final intensity output from PBS2 in Fig. 2(a)
is at the level of 100 μW, corresponding to 1014 photons per
pulse. The polarization state of this output is vertical, as shown
in Eq. (6). HWP3 rotates the linearly polarized light into 45◦
polarization, as shown in Eq. (7). Then the polarization state
is modulated in the EOM, whose modulation bandwidth is
100 MHz [29], after which the state is as shown in Eq. (8). The
applied voltage is controlled by a computer, and a Gaussian
distributed random intensity whose variance is �2 is used,
as mentioned in Sec. II, which is approximately 165 times
the shot noise. The width of the modulation signal pulses is
10 μs, which is much longer than the time difference of the
light distance between the two arms of the BHD (approxi-
mately 10−11 s). Since the applied voltage is at the level of
about 1 to 1000 mV, which is about 3 orders of magnitude
weaker than the half-wave voltage, 284 V, the intensity of the
signal light (circularly polarized) is far weaker than the local
oscillator light (vertically polarized), satisfying the condition
of Eq. (5).

The 1/e2 diameter of the output beam from the EOM
is 2.1 mm, and the full divergence angle is 4.5 × 10−4 rad.
A Galileo beam expander (Thorlabs, GBE10-B, expansion
ratio is 10×) is used to decrease the full divergence to 4.5 ×
10−5 rad so that the beam diameter at the receiver’s aperture
is about 4 cm after propagating through a 460-m free-space
channel.
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FIG. 2. (a) Sender’s side of the free-space CV-QKD experimental setup for a unidimensional protocol. HWP: half-wave plate. EOM:
electro-optical modulator. BE: 10× beam expander. Lenses 1 and 4: focus = 100 mm, diameter = 25 mm. Lenses 2 and 3: focus = 50 mm,
diameter = 25 mm. DAQ: data acquisition. (b) Receiver’s side of the free-space CV-QKD experimental setup for a unidimensional protocol.
HWP: half-wave plate. QWP: quarter-wave plate. Lens 5: focus = 200 mm, diameter = 100 mm (uncoated). Lens 6: focus = 60 mm,
diameter = 50 mm. Lens 7: focus = 150 mm, diameter = 50 mm. BS: beam splitter. PBS: polarized beam splitter. DAQ: data acquisition.

On the receiver side, as shown in Fig. 2(b), a 10-cm-
diameter reflection mirror is used to adjust the beam direc-
tion. Two convex lenses, whose diameters and foci are 10
and 20 cm and 5 and 6 cm, respectively, reduce the beam
diameter to approximately 1 cm. HWP4 is used to calibrate the
polarization direction such that the receiving local oscillator
is polarized along the vertical direction. The QWP changes
linearly polarized light to circular polarization so that the
difference in photon numbers between the two outputs of
PBS3 corresponds to the Stokes parameter S3, as in Eq. (10).
Then HWP5 placed between the QWP and PBS3 acts as
a basis switcher to monitor the variance of the P (i.e., S2)
quadrature. When its axis is along the PBS3 axis, the number
of photons measured corresponds to the X quadrature (i.e.,
S3), and when the angle between their axes is π/8, the number
of photons measured corresponds to the P quadrature. A con-
vex lens (diameter = 50 mm, focuslength = 150 mm) focuses
the beam into photon diodes (Hamamatsu, S3883), whose
photon sensitivity is 0.58 A/W at 780 nm, equal to a detection
efficiency of 0.872 for each individual diode [30]. Another
DAQ module is used to acquire the output of the voltage
differences of two diodes for every pulse, at a sampling rate
of 1 MHz. Since the modulated rate is 10 kHz and the duty
cycle is 10%, as mentioned in the beginning of this section,
for each pulse, the number of sample data is 10. The average
voltage of these ten samples is the raw key value for Bob. A
consecutive string of five large pulses (10 V) marks the start
of each communication; in other words, the pulses that follow
the start pulses are the distributed keys.

V. EXPERIMENT RESULT

First, we record the beam-spot behaviors caused by
beam wandering and by vibrations of the buildings. On
the receiver’s side, a CCD camera beam profiler (Thorlabs,
BC106N-VIS/M) at the lens focus records the profile and
jitter of the beam, as shown in Fig. 3. The sensitive area of
the photodiodes is approximately 1.5 mm in diameter, which
is much larger than the beam diameter so that it can collect

the entire light intensity. However, the intensities still fluctuate
due to atmospheric turbulence.

The sender’s side is placed on the 9th floor of a building,
while the receiver’s side is on the 16th floor of another build-
ing. Since the height of both buildings is high, their vibration
is not negligible. The jitter of the beam spot and trace of the
spot center are shown in Figs. 4 and 5, respectively. The
peak position is where the maximum light intensity is, which
corresponds to the beam jitter, while the centroid position
is the mean value of the beam-spot distribution, which is

FIG. 3. Beam profiles are recorded by a CCD camera after two
output ports of a PBS, on Bob’s side and at the lens focus: vertically
polarized (left) and horizontally polarized (right). For convenience,
the two beam profiles are displayed in one figure. The horizontal and
vertical axes are the position of the beam, in units of micrometers.
The diameters of the two beams are not exactly the same, as the CCD
deviates from the lens focus in the two directions. The profiles are
nearly Gaussian in both the x and y directions, but the shape changes
with time.
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FIG. 4. The center of the horizontal (X ) and vertical (Y ) direc-
tions as a function of time of the beam at the transmission port of
the PBS. Measurement time is 21 min. Black: peak position in the x
direction. Red: peak position in the y direction. Green: the position
of the intensity center in the x direction. Blue: the position of the
intensity center in the y direction. The average jitter in both directions
is approximately 200 μm (blue and green lines).

the result of beam distortion. The jitters in both directions
are mainly caused by beam wandering, while the buildings’
vibration contributes a small portion of the jitter in the hor-
izontal direction. The frequency of the buildings’ vibration
is much lower than the beam wandering due to atmospheric
turbulence. According to Fig. 4, the standard deviations of
horizontal and vertical jitters are 146 and 114 μm, respec-
tively, almost at the same level.

Although the distribution of the beam spot always varies,
the centroid position is at about 500 μm, according to Fig. 4
(red and black lines), and the beam diameter focused by
the lens is approximately 500 μm, according to Fig. 3.
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FIG. 5. Relative positions of peak intensity of the beam spot.
Jitters in both directions are close.

Therefore, the whole intensity cannot always impinge on the
sensitive area of the photodiodes, which has a 1 mm diameter.
Since the homodyne detector subtracts the two intensities of
the transmission and reflection output of the PBS, the jitter
of the differential intensity should be suppressed; however,
in practice, the situation is not ideal because the distance
between detector 1 and the transmittance port of PBS3 is
not exactly the same as the distance between detector 2
and the reflection port of PBS3. Therefore, the beam-spot
distributions on two photodiodes are not always the same,
causing the differential intensity to vary with time and thus
an error in measuring the local oscillator intensity.

Before modulating the signal, the shot noise and electronic
noise must be measured by a DAQ. The intensity of the laser
output from the EOM is 100 μW, while there is a 65-μW
input to the photodiodes. When the laser is turned off, the
variance of the measured data is the electronic noise VeN0,
having units of square volts. After turning on the light, when
the detection is balanced, the variance is N0(1 + Ve). Subtract-
ing the two variances results in the shot noise N0 = 15.4 mV2,
and thus, Ve = 0.0219. Then, a 5 × 105 Gaussian distributed
(pseudo)random variable, centered at zero, with a variance
of 1 V2, is generated by computer software. These random
numbers are used as the pulse amplitudes, which are generated
by the output of the DAQ, in volts. The modulation variance
VM = 165 when � = 1 V. However, a smaller VM would be
comparable to the leaked light from the local oscillator since
the isolation ratio of a single PBS is only approximately
33 dB. The total transmittance measured with a power meter
is 0.65, including the optical components reflecting loss and
channel loss.

The block size of the sampled data is 2.1 × 107, including
2.1 × 105 pulses, and the period between two consecutive
blocks is 1 min. Finally, five data blocks were acquired,
including 1.05 × 106 pulse amplitudes as nmeas, mentioned in
Eq. (12). A randomly chosen portion, approximately 1/5 of
the data, 2 × 105 pulse amplitudes, is used to estimate the
channel parameters T and ε based on the following equations:

T̃ =
[

Cov(Xa, Xb)

VM

]2

,

ε̃ = Var(Xb) − Ve − 1

ηT̃
− VM, (34)

where Xa and Xb are Alice’s and Bob’s chosen strings of data.
The excess noise ε̃ = 0.0375, and T̃ = 0.575, and the latter
is lower than that measured by the power meter since the
sensitive area of the power meter is much larger than that
of the photodiodes. Another 1/5 of the total data is used
to monitor the variance of the P quadrature, controlled by
HWP4. When the rotation angle is 22.5◦, the polarization
direction changes by 45◦ to measure S2 modes. Therefore, VP1

of Eq. (23) is 1.00.
With all the parameters achieved above, the security key

rate can be evaluated. At a distance of 460 m in an atmospheric
environment, the secret key rate is 0.0254 bit per pulse at
a typical reconciliation efficiency of 0.95, corresponding to
0.152 kbps, while the secret key rate is 0.23 bit per pulse
in a laboratory environment at the same modulation voltage
and electronic noise but at a lower local oscillator intensity
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FIG. 6. They key rate at different channel transmittances. Solid
line: GG02; dashed line: unidimensional protocol. Main parameters:
VM = 165, ε = 0.0375,VP1 = 1.0,Ve = 0.0219, η = 0.872; bpp: bit
per pulse.

(30 μW). We measured the data at 2:30 a.m., when the
atmospheric turbulence was relatively low, on 29 Septem-
ber. The beam was centered at the receiver’s aperture, and
most of the wandering occurred within the reflection mirror
and lens. In this condition, the loss caused by atmospheric
turbulence is approximately 20%, while the system insertion
loss of approximately 20% is due to the optical instrument
reflection. We also measured data the following day at noon
and in the afternoon. Since the beam always wanders, after
several hours, part of the beam escapes the reflection mirror
and lens. In such a condition, the maximum transmittance is
only 41% and 50%, and the modulated wave form is nearly
buried in quantum noise, so the DAQ cannot recognize the
rising edge of the pulses, giving an inaccuracy value of Xb.
Therefore, when the beam center cannot be calibrated in the
daytime, the secret key rate falls to zero. Figure 6 shows the
expected secret key rate of the unidimensional versus GG02
protocols at different total loss values with the experimentally
measured parameters VM, ε, Ve, and VP1. At low channel
loss, the unidimensional performs close to the GG02 protocol,
but when the transmittance is less than approximately 0.6,
the performance is an order of magnitude lower than that of
GG02.

The presented work achieved the feasibility of a unidimen-
sional CV-QKD experiment in a city-environment free-space
channel. Although the key rate is lower than that of the GG02
protocol, it is less complex and is expected to be compatible
with GG02 protocols, especially when channel loss is at a low
level after further improvement.

In our experiment, the main factor to restrict the secret
key rate per second is the sample rate of the DAQ and the
polarization fluctuation of the laser. As mentioned above, the
sample rate of DAQs is limited up to 1 MHz, and modulation
frequency is even lower, far less than the response bandwidth
of the EOM, 100 MHz. In addition, the memory and CPU
of the computer on Bob’s side are unable to process much
of the key data (over 107), and the key rate, considering the
finite-sized region, is expected to be even lower than the
asymptotic limit [18]. Another restriction is the aperture of our
detector-sensitive areas. Due to atmospheric turbulence, the
measured intensity strongly fluctuated, bringing error into the
estimate channel transmittance and thus excess noise. Finally,
the fiber pigtailed laser, coupled to free space, may cause
the polarization direction to change in the fiber and become
unstable, leading to polarization noise and thus intensity
fluctuations of 0.1%. With improvements in these aspects,
the experiment of CV-QKD in such an urban environment is
expected to be stabler and have higher secure key rates and
extend the secure distance.

VI. CONCLUSIONS

To conclude, we achieved a free-space unidimensional
CV-QKD experiment in a real urban environment, through a
460-m atmospheric channel. In such a condition, the variance
of the unmodulated quadrature S2 barely remains unchanged.
With the correlation of two quadratures being unknown, the
pessimistic raw key rate against collective attacks reaches
0.0254 bit per pulse, at a modulation repetition of 10 kHz.
Although lower than the GG02 protocols, the unidimensional
protocols can still have a positive security key rate in free
space and simplified experiment setups. However, since the
beam wanders at any time, the average transmittance could
fall to a sufficiently low level to cause the secret key rate to
vanish. The system performance is expected to improve in
future works.
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