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Photon subtraction operation can enhance the performance of continuous-variable quantum key
distribution (CV QKD). However, the enhancement will be reduced by the imperfections of single-
photon detector, especially the non-unit detection efficiency, which makes it not practical. In this
paper, we propose a non-Gaussian postselection method that can emulate the photon substraction
used in CV QKD protocols using coherent states, including subtracting more than 1 photons. The
virtual photon subtraction not only can avoid the complexity and inefficiency of a practical single
photon detector, which extends secure transmission distance as the ideal case, but also its param-
eter can be adjusted flexibly according to the channel parameters to optimize the performance.
Moreover, our preliminary tests about the information reconciliation suggest, for the non-Gaussian
data generated by photon subtraction, that the reconciliation efficiency can still approach 0.95 via
multi-dimensional reconciliation algorithm for low signal-to-noise ratio regime, which implies the
feasibility of practically implementing this virtual photon subtraction method.

PACS numbers: 03.67.Dd, 03.67.Hk

I. INTRODUCTION

Quantum key distribution (QKD) is the most applica-
ble technology of quantum information, which can allow
two users generate secure keys remotely through inse-
cure quantum channel. Continuous-variable (CV) QKD
[1, 2] is one of the two main branches of QKD, which
has the advantage of being compatible with standard t-
elecommunication technology, thus leads to an expecta-
tion of better application. However, limited by the prac-
tical experimental techniques and non-unit reconciliation
efficiency, the transmission distances of early CV QKD
experiments were not sufficiently long for network appli-
cations. Therefore, towards the practical implementa-
tion, researches on extending transmission distance have
attracted much attention.
Beside the improvement of experimental techniques [3],

additional operations, for instance, noiseless linear ampli-
fication (NLA) [4] and photon subtraction (PS) [5], were
also introduced to improve the performance of CV QKD.
Although photon subtraction is a non-Gaussian opera-
tion, it can significantly improve the transmission dis-
tance when applied in protocols using two-mode squeezed
vacuum (TMSV) as the source [6]. However, the im-
provement will be reduced by the imperfections of single-
photon detector (SPD), especially when using a non-
photon-number-resolving detector such as an avalanche
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photodiode (APD) based SPD.
Here, we propose a non-Gaussian postselection

method that can emulate the photon substraction used in
CV QKD protocols using coherent states, which is oper-
ated in Alice’s station right before the emission of coher-
ent states. The virtual photon subtraction can remove
the complex physical operation, therefore, it is unaffect-
ed by practical devices’ imperfections. Furthermore, it
can be adjusted flexibly according to the channel param-
eters to optimize the performance. Moreover, our prelim-
inary tests about the information reconciliation suggest
that for the non-Gaussian data generated by photon sub-
traction the reconciliation efficiency can still approach
0.95 via multi-dimensional reconciliation algorithm for
low signal-to-noise ratio regime. Thus, we can practi-
cally use this method to extend the secure transmission
distance of CV QKD.

II. VIRTUAL PHOTON SUBTRACTION VIA
NON-GAUSSIAN POSTSELECTION

Here we briefly introduce some basics of photon sub-
traction. In Alice’s part of Fig. 1(a), photon subtraction
is applied to the TMSV source. After the beamsplitter
(BS1), with transmittance T , the mode B is splitted in-
to modes B1 and B2, getting a tripartite state ρAB1B2 .
Then B1 will be measured by a Positive Operator-Valued
Measure (POVM) measurement {Π̂0, Π̂1}, and the modes

A and B2 will be kept only when the POVM element Π̂1

clicks. Different Π̂1 will lead to different type of pho-
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ton subtraction. What we discuss here is subtracting k
photons, which refers to Π̂1 = |k⟩⟨k|.
Because Alice’s heterodyne detection and the POVM

measurement {Π̂0, Π̂1} are conducted on two different
modes, they are commutable. Thus, Alice can perfor-
m the heterodyne detection on mode A first, and then
the POVM measurement on mode B1. It is known
that heterodyne detection on one mode of TMSV s-
tate will project the other mode onto a coherent s-
tate. After BS1 the state of modes B1 and B2, giv-
en that Alice’s heterodyne measurement results are

{xA, pA}, is
∣∣φ(xA,pA)

⟩
B1B2

=
∣∣√1− Tα

⟩
B1
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⟩
B2

,

where α =
√
2λ (xA − ipA)

/
2. The success probability of

subtracting k photons will be the function of {xA, pA},
which is

P Π̂1 (k|xA, pA) =
∣∣⟨k ∣∣ √1− Tα
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Thus the mixed state output from Alice’s station will be

ρ
(k)
B2

=

∫
dxAdpA

P Π̂1 (k|xA, pA)

P Π̂1 (k)︸ ︷︷ ︸
weighting function

PxA,pA

∣∣∣√Tα
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Tα
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where PxA,pA
= 1

π(V+1) exp
(
−x2

A+p2
A

V+1

)
is the Gaussian

distribution of Alice’s heterodyne measurement results,
and V =

(
1 + λ2

)/(
1− λ2

)
is the variance of the TMSV

state.
Comparing to the case where Alice does not use any

kinds of photon subtraction operations, whose output
mixed state is

ρ
(G)
B =

∫
dxAdpAPxA,pA

|α⟩ ⟨α|, (3)

there are two differences. The first is that there is
an additional weighting function in Eq.(2) that W =

P Π̂1 (k|xA, pA)
/
P Π̂1 (k), which leads to a filter function,

or acceptance probability, of each pair of (xA, pA),

Q (γ, λ, T ) = P Π̂1 (k)W = P Π̂1 (k|xA, pA). (4)

The second is that the output coherent state needs to
go through a BS with transmittance T , which can be
emulated via generating a coherent state with a smaller
mean value

√
Tα.

Thus, after changing the way to look at the protocol
by exchanging Alice’s two commutable measurements, we
get the equivalent virtual photon subtraction via postse-
lection of Alice’s heterodyne results and scaling the mean
value of output coherent state by a factor

√
T . The post-

selection filter function is Eq.(4). Since Alice reveals her
decision of accepting each data or not after Bob’s mea-
surement, the discarded part can be seen as the decoy
states, as in another non-Gaussian protocol [7].
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FIG. 1: (color online)(a) Entanglement-based (EB) scheme of
CV QKD with photon subtraction. (b) Prepare-and-measure
(PM) scheme of CV QKD with virtual photon subtraction.
Other notations: Het: heterodyne detection. Hom: homo-
dyne detection. BS1(2): beamsplitter. γ: Alice’s measure-
ment result. λ: parameter of TMSV. Q (γ, λ, T ): postselec-
tion filter function. T (η): transmittance of BS1(2). TC , ε:
channel parameters

III. PERFORMANCE OF THE PROTOCOLS

For simplicity, we only consider the asymptotic rate

here. Although the state ρΠ̂1

AB3
is non-Gaussian, accord-

ing to Gaussian optimality theorem [8], its secret key rate
is no less than a Gaussian state ρGAB3

who has the same

covariance matrix with it, that K(ρΠ̂1

AB3
) ≥ K(ρGAB3

).

Thus we will use ρGAB3
to do the security analysis for

the rest of the paper. Besides, the success probability

of Alice’s POVM measurement P Π̂1 should also be taken
into account.

For the virtual k-photon subtraction, the transmit-
tance T of Alice’s BS can be chosen arbitrarily from 0
to 1, which will result in different secret key rates. Thus,
there exists an optimal choice of T for each distance. In
Fig. 2, (a) shows the maximal secret key rate at each dis-
tance, and (b) shows the maximal tolerable excess noise
at each distance, for all possible T . Fig. 2 suggests that
by using photon subtraction the performance will outper-
form the original protocol at long distance range, which
implies the advantage of extending the maximal trans-
mission distance. Fig. 2 also shows that the 1-photon
subtraction has the longest transmission distance than
other cases. Besides, when channel is more clean, all four
photon subtraction operations will expand the maximal
transmission distance more than 200km.

Another thing one may concern about is that, when im-
plementing photon subtraction, whether the information
reconciliation step would still remain a relatively high
efficiency as for the Gaussian data. We have carried a
preliminary test on the performance of multi-dimensional
reconciliation method, proposed in [9], on both using 1-
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FIG. 2: (a) The maximal secret key rate and (b) the maxi-
mal tolerable excess noise at each transmission distance when
changing the transmittance T of Alice’s BS, in which the o-
riginal GG02 protocol (black solid line), and 1-photon sub-
traction (blue solid line), 2-photon subtraction (green dashed
line), 3-photon subtraction (pink dotted line), and 4-photon
subtraction (red dash-dotted line) photons, respectively. Oth-
er simulation parameters are: the variance of TMSV state is
V = 20, channel loss is 0.2dB/km, excess noise is 0.01, and
reconciliation efficiency is β = 0.95.

photon subtraction and not using any photon subtrac-

tion cases (non-Gaussian and Gaussian cases, respective-
ly) with simulated data, assuming Binary Input Addi-
tive White Gaussian Noise Channel (BIAWGNC). Table
I shows that the multi-dimensional reconciliation method
shows a similar performance on both non-Gaussian and
Gaussian cases, given the same signal-to-noise ratio (S-
NR). From Table I, when considering a high reconcilia-
tion efficiency like 0.95, the 0.02 rate check matrix still
shows a relatively high successful decoding probability,
i.e., more than 60%. This implies the feasibility of prac-
tically implementing this equivalent virtual photon sub-
traction method we proposed here.

SNR β Type S/T AIN
R=0.1 0.1626 92.02% Gaussian 39/40 103

Non-Gaussian 40/40 82
0.1613 92.71% Gaussian 33/40 134

Non-Gaussian 40/40 102
0.1600 93.40% Gaussian 20/40 151

Non-Gaussian 34/40 130
R=0.02 0.0301 93.37% Gaussian 47/48 111

Non-Gaussian 47/48 101
0.0296 94.97% Gaussian 37/48 190

Non-Gaussian 37/48 174
0.0293 95.94% Gaussian 18/48 157

Non-Gaussian 33/48 178

TABLE I: Performance comparison of multi-dimensional rec-
onciliation method between Gaussian and non-Gaussian data.
R: the rate of sparse check matrix. SNR: signal-to-noise ra-
tio. β: reconciliation efficiency. Type: the type of tested da-
ta. S/T: the number of successfully decoded data blocks/the
number of total tested data block. AIN: average iteration
number when decoding process succeeds.
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