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SPECIAL TOPIC — Quantum communication and quantum network
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Mode-pairing quantum key distribution (MP-QKD) is an excellent scheme that can exceed the repeaterless rate-
transmittance bound without complex phase locking. Nevertheless, MP-QKD usually needs to ensure that the communica-
tion distances of the two channels are equal. To address the problem, the asymmetric MP-QKD protocol is proposed. In this
paper, we enhance the performance of the asymmetric MP-QKD protocol based on the advantage distillation (AD) method
without modifying the quantum process. The simulation results show that the AD method can extend the communication
distance by about 70 km in the case of asymmetry. And we observe that as the misalignment error increases, the AD method
further increases the expandable communication distance. Our work can further enhance the robustness and promote the

practical application of the asymmetric MP-QKD.

Keywords: quantum key distribution, asymmetric mode-pairing, advantage distillation

PACS: 03.67.Dd, 03.67.Hk, 03.67.—a
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1. Introduction

Quantum key distribution (QKD),!"?! based on the law
of quantum mechanics, can provide the secret key of uncon-
ditionally theoretical security for two legitimate parties. Since
the first QKD protocol was proposed in 1984, great progress
has been made both in theory!*~!! and experiment!!3-2#! in the
past few decades.

Nevertheless, the imperfection of device will lead to the
security vulnerabilities,>>! which can be utilized by eaves-
droppers to steal key information. The loopholes in the detec-
tion side were once considered to be the most difficult problem
in the practical QKD system. Fortunately, Lo ef al. have pro-
posed measurement-device-independent QKD (MDI-QKD) in
2012.12°1 And the MDI-QKD protocol can address the loop-
holes in the detection side once and for all. The significant

[27-32) have been made in several aspects of the

progresses
MDI-QKD. Besides the security, the key-rate performance is
the critical issue in the actual implementation of QKD. Due
to the inevitable and ubiquitous transmission loss occurring
within the channel, the Pirandola—Laurenza—Ottaviani—-Banchi
bound (PLOB bound)!?3! restricts the secret key rate.

The researchers have proposed the twin-field QKD (TF-
QKD)B4 and its various variants33-38] to improve the secret
key rate performance and exceed the PLOB bound. How-
ever, TF-QKD and its variants need global phase locking to
complete stable optical interference between coherent states,
which is an extremely difficult problem in practical applica-
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tions. So, the complexity of system implementation is greatly
increased. Afterwards, mode-pairing QKD (MP-QKD) pro-
posed in 2022,53% also called asynchronous MDI-QKD, 40!
not only broke the PLOB bound, but also was immune to
the need for global phase locking. Moreover, MP-QKD gets
the same exceptional protocol performance of TF-OKD and
also the same practicability as MDI-QKD. Subsequently, re-
searchers have demonstrated the feasibility of utilizing asyn-
chronous MDI-QKD or MP-QKD to build quantum communi-
cation networks theoretically*'=*3! and experimentally.[#+4]

In most QKD systems, only symmetric scenarios are con-
sidered for simplicity where the distance between the channels
of the two communication parties is equal. In reality, due to the
constraints of geographical environment and the alteration in
the location of the two communicating sides, the distances be-
tween the intermediate party and the two communication par-
ties are unequal, resulting in different channel transmittances.
To address this problem, Zhu e al.!*®! proposed the asymmet-
ric MP-QKD protocol. However, due to its asymmetric char-
acteristics, its performance is not as good as that of the original
symmetric scheme. So, it would be of significant value to en-
hance the performance of asymmetric MP-QKD by exploiting
advanced technologies. Because of the excellent improvement
of the advantage distillation method for asynchronous MDI-
QKD*"l and MP-QKD*3] in symmetric channels, we explore
the improvement effect of advantage distillation method on
asymmetric MP-QKD.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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The advantage distillation (AD) method,!*°! originally
proposed in the field of classical cryptography, can be ex-
panded to the field of quantum cryptography. The advan-
tage distillation method, as a highly practical scheme, can sig-
nificantly enhance the performance of QKD protocols.P9->3]
When utilizing the AD method, Alice and Bob split their raw
key into blocks of size b, and separate highly correlated bits
from the weakly correlated information, which increases the
correlation between the raw keys and improves the error tol-
erance. In this paper, we further enhance the performance of
recently proposed asymmetric MP-QKD through combining
with the AD method. According to the simulation results in
the asymptotic case, it can be found that the maximum com-
munication distance can be improved from 474 km to 544 km,
from 438 km to 508 km, from 394 km to 462 km, respec-
tively, when the difference between the distances of two com-
munication parties is 50 km, 100 km, 150 km. Obviously,
the analysis results demonstrate that the AD method is robust
to the increase of asymmetry. Moreover, our simulation re-
sults demonstrate that the AD method can significantly extend
communication distance and improve the secret key rate, par-
ticularly when channel loss and misalignment error are high.
Remarkably, the AD method only changes the classical post-
processing stage and does not change the hardware of the prac-
tical asymmetric MP-QKD system. The AD method can be
conveniently employed to the current asymmetric MP-QKD
system.

The rest of the article is arranged as follows. In Section 2,
we briefly introduce the original asymmetric MP-QKD proto-
col. Then, we conduct the security analysis of the asymmetric
MP-QKD with AD. In Section 3, we present the numerical
simulation results and discussion in various scenarios. Finally,
the conclusion is made in Section 4.

2. Security analysis
2.1. Asymmetric MP-QKD

Here, we briefly revisit the original asymmetric MP-QKD
protocol that was introduced in Ref. [46]. The diagrammatic
sketch of the asymmetric MP-QKD is depicted in Fig. 1 and
its detailed procedure is outlined as follows.

Step 1. State preparation Alice prepares a weak coher-
ent pulse |/t ¢1%), with the intensity p1! chosen from {0, 1, }

and the phase ¢! uniformly selected from [0,27). Similarly,
Bob prepares a weak coherent pulse \\//.T{) ei"’li), with the in-
tensity . chosen from {0, 1, } and the phase ¢ uniformly
selected from [0,27).

Step 2. Measurement The weak coherent light pulses are
transmitted to Charlie by Alice and Bob. Then, Charlie con-
ducts interference measurements on the received pulses and
openly declares the results of measurements from detectors L
and R. The terms L, and L, are defined as the communication

distances from Alice to Charlie and from Bob to Charlie. For
simplicity and without loss of generality, we assume L, < L.

Step 3. Mode pairing Alice and Bob perform Step 1
and Step 2 a total of N rounds. For each successfully detected
round, there is only one detector response in the two detec-
tors. Then, two clicked rounds are grouped as a pair by Alice
and Bob. Then, Alice and Bob calculate the interval between
the first and second successfully detected rounds. When the
interval is less than or equal to &, they retain a successfully
detected pair and calculate the interval between the third and
Otherwise, the first
successfully detected round is discarded, then they calculate

the fourth successfully detected rounds.

the interval between the second and the third successfully de-
tected rounds. Until the last successfully detected round, they
complete the mode pairing. The pairing strategy is depicted in
Fig. 2.

Step 4. Basis sifting For two grouped rounds labeled
with indices i and j, Alice records them as the Z pair when
the intensities meet g’ + ug{ = Uy, as the X pair when their
intensities satisfy u = [.L;{ = Uy, or as “0” pair when their in-
,uaj = 0. Similarly, Bob records them as
the Z pair when the intensities meet ,ut’; + ,u,f = U, as the X

tensities satisfy p! =
pair when their intensities satisfy u{; = [,Lg = Uy, or as “0” pair
when their intensities satisfy [.L{; = [.Lt{ = 0. Subsequently, the
bases corresponding to each pair of data are declared by Al-
ice and Bob. If the declared bases are uniformly either X or Z
and share the same time bins, they will be retained; whereas
otherwise, they will be discarded.

Step 5. Key mapping For each Z pair at locations i and
j. Alice sets the raw key as i, = 0 when (!, 1) = (0, it,) and
Ko = 1if (1, ) = (11a,0). For every X pair at positions i and
J, the raw key is acquired from the relative phase (d)z{ — i) =
6, + 7k, where the key is k, = |[¢/ — ¢/ /7] mod 2| and the
¢!) mod 2. Bob obtains the raw
key bit x;, and calculates 6, in a similar way. For the X pairs,

alignment angle is 6, = (¢ —

if the click of the detector is the same, Bob keeps the key ky;

Charlie

L
Alice Bob

-~-wmm AN

i
/
/
I

0 M ut

\J #\&/ﬂ
X

Fig. 1. Schematic diagram of the asymmetric MP-QKD scheme. Al-
ice (Bob) prepares weakly coherent pulses with random intensity u? €
{0, 1} (1P € {0,u’}) and random phase ¢7 (¢P) € [0,27), which are
then sent to Charlie. Upon performing an interference measurement and
announcing the detection results, Alice and Bob pair the successfully de-
tected pulses and ascertain their corresponding encoding bases. They uti-
lize the Z-pairs for key generation and employ other data for parameter
estimation. The term L, and L;, are defined as the communication dis-
tances from Alice to Charlie and from Bob to Charlie. For simplicity and
without loss of generality, we assume L, < Ly,. The successfully detected
and undetected pulses are represented by solid lines and dashed lines, re-
spectively. Red and blue pulses represent the front and rear pulses in the
successful pair, and black pulses denote the pulses of failed pairing.
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Pairing strategy

2: for i=1 to N do
3:  if f=0 then

15: Set the total number of pairs to K =k+1.

Input: Charlie’s announced detection results D, for ¢ =1 to N; maximal pairing interval &.

Output: Kpairs; front- and rear-pulse locations (I;,r;) for the k-th pair, where k=1 to K.

1: Initialize the pairing index k= 1; initialize the flag f=0.

Set the rear-pulse location to 7, =4; update the pairing index to k= k+1; reset the flag to f=0.

4: if D; =0 then

5: Set the temporary front—pulse location to [, =1, set the flag to f=1.
6: end if

7:  else

8: if D, =1 then

9:

10: else if [,—i > ¢ then

11: Reset the flag to f=0.
12: end if

13: end if

14: end if

= Traversing all locations
= Searching for the front-pulse location

= Successful detection

= Searching the rear-pulse location

= Successful detection

= Pairing interval exceeding &

Fig. 2. Detailed description of pairing strategy.

otherwise, if the click of the detector is different, Bob flips x,.
The alignment angles 6, and 6, in the X pairs are declared by
Alice and Bob. If 6, = 6y, they retain the data pairs; otherwise,
they discard the data pairs.

Step 6. Parameter estimation Alice and Bob utilize the
Z pairs for key generation. Then, they use the data of Z pairs
and X pairs to calculate the single-photon pair ratio g 1) in

all Z pairs, the single-photon pair phase error rate ei‘l{‘l) and

; 7z
the quantum bit error rate E( TS

Step 7. Postprocessing Alice and Bob carry out error

of the Z pairs.

correction and privacy amplification procedures on the raw key
data, yielding the final secret key.

After completing the aforementioned steps, the formula
for the secret key rate in asymmetric MP-QKD can be refor-

mulated as follows: [4°]

R=ro(p.&)rfaull ~H(X ) ~ FHED )}, ()

where E(Z‘i#b) is the bit error rate, rp(p,§) is the pairing
rate contributed by each round. The term ry indicates the
probability that a generated pair is a Z pair. The single-
photon phase error rate is denoted by ei(l’fl), and gy refers
to the single-photon pair ratio within all Z pairs. The effi-
ciency of error correction process is represented by f. The
maximum pairing interval is denoted as &, and the proba-
bility that the emitted pulse results in a successful detection

click is p. The binary Shannon entropy function is given by
h(x) = —xlog, (x) — (1 —x)log, (1 —x).
2.2. Asymmetric MP-QKD with AD

The AD method has demonstrated its superiority in some
QKD protocols.P%331 In this section, we extend the AD

method to asymmetric MP-QKD and conduct a thorough se-
curity analysis. Based on the information theory, we analyze
the security of the asymmetric MP-QKD with the AD method.
Initially, Alice and Bob prepare the quantum state |1,0)"/ and
|1,0)/ as the Z basis and |+) = (|1,0)"/ +10,1)"/)/v/2 and
|—) = (|1,0)"/ —10,1)"/) /+/2 as the X basis. These states are
transmitted to Charlie via the quantum channel. The notation
|1,0)"/ = |1)7|0)/ indicates the presence of a single photon in
time-bin i and the absence of a photon in time-bin j. Before
the measurement is performed, the whole quantum system can
be given by the following quantum state:

4
¥)apE =), \//Tj|‘1’j>AB ®lej)E, )
=1

where
|Py) = \72(|1,0>2’\1,0>’B"+\0,1>Z’|071>§3j)7
|¢2>:E(H’OXA]“’O)%J_‘051>i\]|071>;3])7
1 Ll Vi T
|P3) = %(ILOMJ\O,1>B"+\0,1>A’|1,0>B’)»
|(p4>:7(|1a0>i\]‘031>;3]_‘031>i\]|170>;§])7 (3)

5

2

and A; + A + A3 + A4 = 1. The single-photon error rates in the
Z basis and X basis are respectively bounded by A3 + A4 = %
and A, + A4 = e)f]. Here, subscripts A and B represent modes
“Alice” and “Bob”, respectively; and |e;)g denotes the or-
thonormal basis of Hilbert space .#%. If the measurement out-
comes of Alice and Bob are xy € {00,11,01,10}, the quantum
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states that Eve can get are as follows:

|P0.0) = 7 (VMler) + vV 2zlea)),
|<P1,1>:%(\/7Tl\€1>—\/772\62>)7

|Qo.1) = —= \/)T%\% + vV Agles)),
\/)»73\63 Vales)). “)

After Eve’s disruption of the quantum channel, Alice and

3

lo10) =

Bob conduct orthonormal measurements on .77 and .73, re-
sulting in the density operator oxyg for the entire system

OXYE :Z|x><x|®|y><y‘®|(Px,y><(px,y" )

X,y

Note that Eve may control the quantum channel, she can select
the optimal parameters {41, 42,43, A4 } to reduce the secret key
rate as long as A (j = 1,2,3,4) is bounded by the quantum bit
error rate (QBER) in different bases. Based on the preceding
analysis, we can get

H(oxg)=14+h(A +142),
— Al
H(og)=h(M+1)+ (A +A)h <A1 +A2>

A
+ (A3 +A4)h (M +37L4) ;
H(X|Y)=h(A +4). (6)

Therefore, the secret key rate formula can be written as

R

Y

min  S(X|E)

—H(X|Y)
M A2,A3,24

= min
MA2,A3,44

. A
1 _ P
o i WW’Z(w)

A
(it A)h (M> SR+ A), ()

H(GXE) —H(GE) —H(X|Y)

where h(x) = —xlog,(x) — (1 —x)log,(1 —x) is the binary
Shannon entropy function.
Notably, after conducting the error correction, all errors

are rectified by Alice and Bob, we have

(X|Y)<fh( (Ua Nb)> (8)

where h(E(ZﬂZ‘1 1 ub)) is the maximum information leakage during
the error correction process. Based on the information theory,
the secret key rate formula of the asymmetric MP-QKD pro-
tocol can be rewritten as

R > min
AA2,A3,24

A
BRI Ve

where the bit error rate of the Z pairs is Eﬁi ) To(P:E) i
the expected pair rate contributed by each round, the term r
signifies the probability that a generated pair is a Z pair, the
error correction efficiency is f. And the variable g;; refers to
the expected single-photon pair ratio in all Z pairs.

In the AD step, Alice and Bob split their raw key into

blocks consisting of b bits, denoted as {x,xz,...
{yl 3 Y2y --

,Xp} and
,¥b}. Alice randomly chooses a bit ¢ € {0,1} and
transmits the sequence of messages m = {mj,my,...,mp} =
{xi®c,x2Pc¢,...,x, Bc} to Bob via the authenticated classi-
cal channel. The block is accepted by Alice and Bob if Bob de-
clares that the computation of {m; @y, m, ®ys,...,m Dy, }
is either {0,0,...,0} or {1,1,...,1}. Subsequently, they re-
tain the first bits x; and y; as the raw key. Consequently, the
corresponding successful probability of the AD process on a
block of size b can be expressed as

b b
e () + (1-E0)' 00
When executing the AD step, the QBER E(ZHZ ) in the Z

(Z.‘i My) — (E(pa,yb)) /%ucc; and

the quantum state of the whole system composed of Alice,

basis can be substituted by E’

Bob, and Eve can be given by

4
‘T/>ABE: ;\/I;|¢/>AB®’61>E7 (1)
=

where
A (M +22)"+ (M — Ao)’
1 2psucc ’
A= (M + 1) — (A — Ap)?
2 Psuce ’
A@/ _ (2,3 +A4)b + (2.3 — 2.4)1’
2Psuce ’
b_ (4. 3 \b
Al = (A3+M)"— (A3 — A1) , (12)
2Psuce
and psuce = (A1 +A2)? 4 (A3 + A4)P. Therefore, the secret key

rate formula of the asymmetric MP-QKD protocol with the
AD method can be rewritten as follows:

lqsuccrp (p é) {(qll)b

R > max min

b Ao b

x[l—(l{—&-ﬂg’)h(x,i{%)

! ! )‘/ /:
- (A3+A4)h<l,+l,” —rh (B ) } (13)

Then, we compute the necessary parameters in order to esti-

mate the secret key rate. The parameters are subject to

)=t A el = A+ A, (14)
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duee= (B ) +(1-E2,0) a9
b
PR ) B
(E(Zlfnﬂb)) +(1_E(Zlvlza-,lib))

3. Numerical simulation

In this section, we numerically simulate the performance
of the asymmetric MP-QKD with the AD method in the
asymptotic case and analyze the simulation results. Here, we
assume the fiber transmittance to be given by 7 = 10~ %L/10,
where o represents the fiber loss coefficient, g denotes the
efficiency of the single-photon detector, p4 stands for the dark
count rate, and f signifies the error correction efficiency. The
maximum pairing interval is set to £. The misalignment error
is defined as e4. L, and L, denote the communication dis-
tances from Alice to Charlie and from Bob to Charlie. The
term Ay, := Ly — L, is defined as the difference in the commu-
nication distances from Alice and Bob to Charlie. The exper-
imental parameters!“®! fixed in the following numerical simu-
lations are detailed in Table 1.

Table 1. Simulation parameters.

Variable Parameter Simulation value
o fiber loss coefficient 0.2
Nd single-photon detector efficiency 20%
eq misalignment error 4%
f error correction Efficiency 1.15
Pd dark count rate 1.2x10°8
I3 maximal interval 1 x 106

For the sake of simplicity, we only consider the asymp-
totic scenario in the simulation. The detailed calculation for

the parameters is described as follows: [27:46]

-1
1 1
rn(p, &) = [p[l—(l—p)g]—’—P‘| )

_ Nalta + Nplp
2 )

11
rs = 8]72{ [1—=(1=2pg) e ™| [1—(1—2pq) e "]
+2p4 [1 _ (1 _2Pd) e—’laua—nbﬂb] },
= le Hapae oy
qi=g T (- (1= 20) (1)
x [1=(1=2pq) (1—np)]
2l = (1201 m)(1 - ]},
E%#Z _li [1_(1_2 ) *Tla”a*nbﬂb]
(“a-“b) - 4rsp2pd Pd)C )
Vi = (1= pa)*| 5T+ (2 420 = 3na10)

+4(1=n,) (1—1b) P3|,

eoY(1,1) — (eo —ea) (1 — pa)” 5"
Y

e, = ) (17

where 1, and 7, are the channel transmittances. The mis-
alignment error eq is the inevitable intrinsic factor in the actual
QKD system. The misalignment error eq has an effect on the

interference, which may lead to phase drift. However, the Z
77

(Matn)
does not consider e¢q. The effect of ¢4 is considered in the

basis does not interfere, so the calculation of QBER E

single-photon phase error rate e 1). Subsequently, we con-
duct simulations to assess the performance of asymmetric MP-
QKD with AD in the asymptotic scenario, utilizing Eqgs. (10)-
(17) under various conditions.

Initially, we analyze the performance of the asymmetric
MP-QKD protocol both with and without the AD method un-
der asymptotic condition. The comparative results for Ay =0,
50 km, 100 km, 150 km are presented in Fig. 3. Figure 3 illus-
trates that the performance of the asymmetric MP-QKD with
AD is consistent with that without AD in a short distance.
However, with the increase in communication distance, the
secret key rate of the original asymmetric MP-QKD experi-
ences a swift decline. When A;, = 100 km, the AD method has
an obvious advantage at the communication distance of about
433 km, and the maximum communication distance reaches
508 km, resulting in a maximum distance increase of 70 km.
As illustrated in simulation results, we can find that the max-
imum communication distance is improved from 488 km to
554 km, from 474 km to 544 km and from 394 km to 462 km,
when A; = 0 km, 50 km, 150 km.

10()

. \

—— MP-QKD A, =0
MP-QKD-AD A, =0

—— MP-QKD A, =50
MP-QKD-AD A, =50
MP-QKD A, =100
MP-QKD-AD A, =100

—— MP-QKD A, =150
MP-QKD-AD A, =150

10—20 L

Secret key rate (bit per pulse)

10730 L

150 200 250 300 350 400 450 500 550 600
Communication distance (km)

Fig. 3. The comparison of asymmetric MP-QKD performance with and
without AD and the relationship between the secret key rate and the com-
munication distance (L, + L) assuming A = 10° and eq = 4%. The red,
blue, green and magenta lines correspond to the secret key rates of the
asymmetric MP-QKD protocol for A;, =0, A, =50 km, Az, = 100 km and
Arp = 150 km, respectively. The dash lines and solid lines respectively in-
dicate the secret key rate of asymmetric MP-QKD with and without AD.

To delve deeper into the reasons for the AD method
enhancing the secret key rate in the long-distance case, we
present Fig. 4 with respect to b. We observe that, at a distance
of Ar = 100 km, the value of b changes from 1 to 2 at about
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433 km, illustrating that the AD method begins to work at
this moment. As the communication distance increases, more
noise is introduced and the correlation of the raw key becomes
worse, we need the AD method to obtain a larger b value to im-
prove the correlation. Moreover, the results are similar when
Ar = 0km, Ay, = 100 km or Az = 150 km. Therefore, the use
of the AD method can significantly enhance the performance
of asymmetric MP-QKD over a long distance.

25
- MP-QKD-AD A, =0
- MP-QKD-AD A, =50
20 MP-QKD-AD A; =100
- MP-QKD-AD A, =150
o
— 15f
3
E
2
o 10r
5 L
0

0 100 200 300 400 500
Communication distance (km)

Fig. 4. Results of the optimal b versus the communication distance be-
tween Alice and Bob in asymmetric MP-QKD with AD. The red, blue,
green and magenta scattered points represent the values A7, = 0 km,
Ar =50km, A = 100 km and Az, = 150 km, respectively.

—
o
N2

1073

1071r

10715}

— MP-QKD, A, =50, eq=1%
MP-QKD-AD, A; =50, eg=1%

— MP-QKD, A, =50, e;=10%
MP-QKD-AD, A; =50, eq=10%
MP-QKD, A, =50, eg=15%
MP-QKD-AD, A, =50, eq=15%

1072p

10725}

Secret key rate (bit per pulse)

0700
50 150 250 350 450 550
Communication distance (km)

—
o

|

10101 "

e MP-QKD, A, =150, eq = 1%
MP-QKD-AD, A, =150, e,=1%
MP-QKD, A, =150, e, = 10%
MP-QKD-AD, A, =150, eg=10%

— MP-QKD, A, =150, eq = 15%
MP-QKD-AD, A, =150, e;=15%

10751

10720 L

Secret key rate (bit per pulse)

150 200 250 300 350 400 450 500
Communication distance (km)

Fig. 5. The performance of the asymmetric MP-QKD with AD under
various eq. The solid and dotted lines in different colors indicate the
performances of the asymmetric MP-QKD with AD and without AD
for different eq4, respectively. Relationship between the secret key rate
and the communication distance (L, + Ly) when (a) Az = 50 km and (b)
Ar =150 km.

Finally, we analyze the influence of the misalignment er-
ror eq on the performance of the asymmetric MP-QKD with
the AD method when A; = 50 km and 150 km. The simula-
tion results are depicted in Fig. 5. As shown in Fig. 5(a), we set
the difference between communication distances A; = 50 km
and the misalignment error eq = 1%, 10%, 15%. We observe
that the maximal communication distance increases by 66 km,
76 km and 78 km, respectively, when eq = 1%, 10%, 15%.
As illustrated in Fig. 5(b), we set the difference between two
communication distances A; = 150 km. The maximal com-
munication distance increases by 66 km, 74 km and 76 km
when eq = 1%, 10%, 15%, respectively. The simulation re-
sults imply that the distance extension of the scheme with
the AD method gradually increases as the misalignment error
rises. Furthermore, with the increase of the difference between
the two communication distances, the extension of distance is
almost not reduced, which shows the robustness of the AD
method.

4. Conclusion

In summary, we extend the AD method to the asymmetric
MP-QKD scheme and investigate the effect of the AD method
on the performance of the asymmetric MP-QKD. The simu-
lation results demonstrate that the AD method can substan-
tially extend the communication distance and enhance the se-
cret key rate for real-life MP-QKD particularly when the chan-
nel losses and misalignment errors are high. Additionally, we
find that the AD method can still promote the performance evi-
dently when accounting for misalignment error and difference
between the communication distances. Thus, our analysis re-
sults clearly reveal that the AD method is not only practical
but also robust to variations in asymmetric communication dis-
tances. In particular, the AD method is free of the hardware
modifications of MP-QKD, it may be easily adopted in cur-
rent systems. We anticipate that our research can promote the
applications of actual asymmetric MP-QKD systems.
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