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We analyze three quantum communication protocols that have been proposed in the literature and compare
how well they communicate single-rail entanglement. We use specific metrics for output-state purity and
probability of success and include the presence of imperfect photon source and detection components. We find
that a distributed noiseless linear amplification (NLA) protocol with a relay point placed halfway between Alice
and Bob outperforms NLA at Bob’s end and a recently proposed purification protocol under most conditions,

unless the distance is very small or the photon source component is very good.

DOLI: 10.1103/PhysRevA.106.062603

I. INTRODUCTION

The distribution of entangled states is a critical resource
in many quantum communication protocols [1-3]. Due to
relatively low interaction of quantum states of light with their
environment, single-photon entanglement and linear optics
produce one of the simplest instances of such protocols [4].

Nevertheless, practical implementation of these schemes
has proven highly challenging due to inevitable losses
in optical-fiber transmission channels. Methods that were
successful in overcoming optical loss for classical communi-
cation are unfortunately inadequate in the context of quantum
communication. Indeed, it can be shown that deterministic
amplification rapidly destroys entanglement, an effect that is
not relevant for classical communication [5].

While, historically, most schemes have employed dual-rail
encoding [6], interest has recently increased in single-rail
encoding [7], where vacuum represents logical zero, and one-
photon states represent logical one. In this paper we will focus
on the distribution of single-rail entanglement.

Among various techniques that have been proposed to
mitigate such loss, noiseless linear amplification (NLA) is
an entanglement distillation protocol in which the measure-
ment result heralds whether the amplification was successful
or not [8]. It has been used to demonstrate various loss
mitigation schemes [9-13]. In particular, this protocol was
experimentally demonstrated to be capable of distributing
high-fidelity entanglement over loss-equivalent distances of
up to 50 km [14] and was subsequently used to implement an
error-corrected quantum channel [15]. A similar scheme with
photon detection implemented at a central station halfway
between Alice and Bob was also demonstrated experimentally
[16]. This is a specific example of a general type of repeater
protocol based on distributed NLA [17]. While NLA proto-
cols produce entangled states with arbitrarily high, but finite,
purity, purification protocols have also been proposed [18,19]
as a scheme to obtain perfect entangled-state purity, at the cost
of introducing additional source and detection components as
well as a decreased probability of protocol success.
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A key difficulty in the practical implementation of all
such schemes is the efficiency of the single-photon source
and detectors used by the protocol [20]. Implementing such
components in practice is technologically highly challenging.
In recent state-of-the-art experiments, single-photon detection
was achieved with 98% efficiency and high time resolution
using superconducting nanowire single-photon detectors [21].
Furthermore, single-photon generation was recently demon-
strated to yield a 66.7(24)% probability of collecting a single
photon using heralded single-photon sources [22,23]. The
trade-off between state purity and heralded probability is
therefore analyzed here in the presence of these constraints.

We begin by introducing the NLA and our various as-
sumptions in the next section. We illustrate our figures of
merit initially by examining direct transmission of single-
rail entanglement through a lossy channel. We then see how
the situation changes when we introduce our two different
NLA protocols. The purification protocol is then introduced in
Sec. III, and then we proceed to compare their performances
in Sec. IV before briefly concluding in Sec. V.

II. NLA PROTOCOL

We first assume that perfect single-photon sources and
single-photon detection devices are available and later relax
this assumption in Sec. II D. Environmental noise is modeled
as a vacuum state entering the open port of a beam splitter
with transmissivity 5, such that a photon sent by Alice to
Bob either gets transmitted with probability n or gets lost
with probability 1 — 5. A click or “success” is a measurement
result that heralds entanglement of the state. In absence of a
click, the state is discarded, and another trial is made.

The aim of all protocols analyzed here is that whenever
there is a click, Alice and Bob share a state whose entangled
component is maximal (unbiased) and which contains as little
environmental loss as possible. Such a final state can always
be successfully targeted even if there is detection and/or
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FIG. 1. In the most basic framework, Alice prepares an entangled
state using a beam splitter, then sends part of that state over to Bob
through a lossy channel of transmissivity 7. The channel loss is mod-
eled as a vacuum state |0),, entering through the open port of a beam
splitter. The parameter 7 is chosen such that the resulting output state
in modes a and b is a mixture of a pure maximally entangled state
|¥,) and an environmental loss state |1,). The output-state purity is

. . . P
quantified using the ratio X = PT:'

source loss. We do not consider thermal noise of dark counts
here, which could lead to additional error states if included.

A. “Do-nothing” protocol

In order to compare the performance of different protocols,
a reference is first established by considering the metrics
obtained in the absence of a distillation protocol.

If Alice is in possession of a perfectly pure state with
arbitrary entanglement v and sends this state to Bob through
the lossy channel of transmissivity 7, as represented in Fig. 1,
the output state projected on no environmental losses is

[¥r) = VTI10)a + V1 = T/1101) as, 1
with probability
Pr=1t+n(l—-1), )

while the projection on environmental losses produces

%) = V1= 73/ =110}, 3)
with probability
Po=0—=-7)d=n). “)
From Eq. (1), the condition of maximal entanglement yields

n
T=—. 5
147 )

We now define the state purity X = 1;—5, which represents how
pure the reduced state p = Tr,[|y)(¥]] is, with X = oo for a
perfectly pure state. The relationship of X to more standard
measures of purity such as Tr{p?} is Tr{p?} = (1 + X?)/(1 +

X)?. For the current case, we find

P 2

X = .
P 1-—n7

(6)

T o,

4 & 1 : ¢ Detectionl

1 . |

T I

b; t1—1 . 7 : / % b:
|1) V] 7 : E./.'. ............. :
1 1

1 1

1 1

0) Fa; 0) Le; ] 1t I

1 1

1 1

1 1

| d; ¢t d)

i 1 2 i

1 D d 1

1 1

1 1

: [0) Fe; Bob :

FIG. 2. In the NLA protocol implemented at Bob’s end, Alice
and Bob each prepare an entangled state by sending a single photon
through beam splitters. Alice then sends part of her entangled state
to Bob through a channel of transmissivity n. Bob’s state and Alice’s
state are interfered through a 50:50 beam splitter and uses photon
detection at output modes b and c. If exactly one photon is detected at
mode b or ¢ and no photon is detected at the other mode (representing
two possible click states), Alice and Bob will use their respective
path-entangled states at outputs a and d.

B. NLA at Bob’s end

The building block of the NLA protocol as described and
implemented in [8,14] is illustrated in Fig. 2. Details of the
calculation are given in Sec. A 1.

For the output click state projected on no environmental
losses, we obtain

1 1
lYy) = VTVl - l\/;lO)ad + V1= tﬁ\/;x/f|01)ad,

(7
with probability
P = (Yslyp) = v — 1) + (1 — D)t (8)

and for the output click state projected on environmental
losses, we obtain

1
Vo) =~/1—T\/1—n\/1—t\/;l00)ad, 9)
with probability
Py = (Yolwo) = 51 — )1 — (1 —1). (10
The condition of maximal entanglement yields
m
T=—,
1—t+41n

so that, after expressing ¢ in terms of 1 and the state purity X,
we find the probability of obtaining a click as

4n(1 —n)(1+X)
2n+X(1—-mI2+XA—-n]
More generally, we define Py,ccess as the probability that the
protocol succeeds, in the sense that the state will not be

discarded. This is equal to the click probability in all the pro-
tocols analyzed in this paper, other than in the “do-nothing”

(1)

12)

Poyccess =
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FIG. 3. The probability Py,ccess Of Obtaining a click state is plotted
as a function of the state purity X for different channel transmis-
sivities 7. The dotted portions of the lines represent areas where a
higher X can be obtained from doing nothing, according to Eq. (6).
In the solid portions of the lines, the expected trade-off between click
probability and state purity is observed, as the odds of obtaining a
click decrease for higher purity.

protocol, in which the state is never discarded and therefore
Poyccess = L.

An important benefit of the NLA protocol lies in the fact
that, given perfect source and detection components, the pu-
rity of the state X can be made arbitrarily high by adjusting the
entanglement of Bob’s input state. This, however, is expected
to come at the expense of a decreased click probability, a
relationship illustrated in Fig. 3.

Surprisingly, we find that at small distances (high n, low
losses), the click probability can actually increase with X.
However, as shown in Sec. A 1, whenever this behavior is
observed, the X produced by the NLA protocol is lower than
the X obtained without any protocol. Since the probability of
success is also lower than 1, applying such a protocol would
be worse than doing nothing. In the more typical case (longer
distances, n < 1), the expected behavior is observed, and the
probability of success decreases as an increasingly purer state
is targeted.

C. NLA halfway

An alternative setup as implemented in [16] is now ana-
lyzed, with photon detectors placed halfway between Alice
and Bob, instead of at Bob’s end. This setup is an example of
the more general distributed NLA protocol in [17]. The trans-
missivity of a channel decays exponentially with distance,
yielding the conventional assumption [14,24,25] of

d

n=e 2, (13)

where the attenuation loss distance of 22 km is converted from
typical optical-fiber loss of 0.2 dB km~!. The transmissivity
on each half distance of the channel can therefore be mod-
eled as /7, such that the total transmissivity over the whole
distance is still .
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FIG. 4. NLA diagram where the photon detection components
b and ¢ have been placed halfway between Alice and Bob. As a
result, there are now two environmental loss modes, e and f, each
modeled as a vacuum state entering the open port of a beam splitter
with transmissivity /7.

Repeating the calculations for the setup in Fig. 4, the click
probability is now

2/ii(1 = /i1 +X)
Pouccess = > (14)
X(/n—1—1]

(key intermediary formulas are given in Sec. A 2).

Comparing Eqgs. (12) and (14), we obtain the plot displayed
in Fig. 5. We see that for a given X > 1 and assuming n <
1, the click probability in this alternative protocol will now
scale with ,/7 instead of 7, thus leading to a much higher
probability of success for a given state purity target.

D. Addition of source and detection noise

We now aim to compare the two setups (NLA at Bob’s
end and NLA halfway) in the presence of imperfect (i.e.,
inefficient) photon source and photon detection components.
We analyze two situations: (i) perfect sources and imperfect

— X=10 (Half-way)

= X=50 (Half-way)

107" 4 X=10 (Bob’s end)

X=50 (Bob’s end)
10-2 4
s ]
104 4
10-5 4

T T T T T
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Distance (km)

FIG. 5. Comparison of the click probability in NLA protocols
done either at Bob’s end or halfway between Alice and Bob. At long
enough distances, the /7 scaling will always allow the halfway NLA
protocol to outperform, regardless of the state purity chosen.
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FIG. 6. Comparison of the NLA click probabilities in situations
IID and IID, using 6 =0.9,¢ =0.9, X = 10. The improvement
brought by implementing photon detection halfway between Alice
and Bob is entirely maintained in the presence of imperfect photon
source and detection components. However, with a photon source of
quality € = 0.9, state purities higher than X = 18 cannot be reached.

detection (quality §) and (ii) one imperfect source (quality €)
on Bob’s end and imperfect detection (quality §).

In each situation, we compare photon detection at Bob’s
end to photon detection halfway between Alice and Bob by
going through the same calculations as in Sects. II B and II C.
Imperfections at the source and the detectors are all mod-
eled as additional environmental loss modes. The resulting
diagrams for both situations are available in Appendixes B
and C.

Treating situation II D first, we find that in the limit of X >
1 and 1 < 1, the probabilities of success are, respectively,

» 45
PBOb s end N _n (15)

success X
when the measurement is done at Bob’s end and

PHa]fway N 25\/ﬁ ( 1 6)
X

success

when it is done halfway between Alice and Bob. The advan-
tage of putting the detectors halfway between Alice and Bob
is therefore maintained with the same order of magnitude,
as can be seen in Fig. 6, and we see that the protocol in
general is highly resilient to detection noise. If a photon is
lost at the heralding detectors, this simply reduces the success
probability with limited effect on output quality. (Exact click
probability formulas and other intermediary relationships are
given in Appendix B.)

Situation IID is unrealistic in the sense that a perfect
source would, of course, be used in both places if one was
available. However, our aim is to characterize the limitations
introduced by the protocol itself, so looking at its perfor-
mance with an ideal input is useful. The analysis then reveals
additional purification constraints introduced by the protocol
even if acting on an initially pure state. In this case, it is not
possible anymore to reach an arbitrarily high state purity, as
the imperfection of the source imposes an upper bound on X.
Independently of whether NLA is implemented at Bob’s end
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FIG. 7. Purification protocol as proposed in [19]. The resource
states |€24) and |Q2) are prepared such that a single-photon detection
at each corner (a “click”) heralds complete purity of the output state
in modes 4 and n. In other words, it is guaranteed that no photon was
lost to the environment in modes e and f when a click is obtained.

or halfway, the bound is always given by
2e
1—€

Xmax = (17)

In terms of click probabilities, while a lower source quality
certainly causes a significant reduction, the relative scaling
of /i is preserved in favor of the halfway implementa-
tion. (Click probabilities and other intermediary formulas are
given in Appendix C. The case of on-off detectors was also
considered, yielding similar results that are also given in
Appendix C.)

III. PURIFICATION PROTOCOL

A. Perfect photon source and detection

We now consider a rather different protocol that we will
refer to as the purification protocol. The diagram displayed in
Fig. 7 represents the complete purification protocol proposed
in [19]. Key differences from the NLA protocols are that Alice
now sends two entangled states through the channel (one gets
recovered) and uses more complicated resource states:

1 1
[$24) = \/;|001)k,higi + \/;ll 10) k.ig:»
1 1
|QB> = §|100)m1n;p; + §|011>m,-n,pp (18)

Following the same method as for the NLA protocol, we
find that an output state projected on no environmental loss
gives

[Yp) = —2V/1T = t/T/Nl10) 0 + §/TVEVT = 71014,
(19)
with probability
Pr=2nltd—0)+1(1—1)], (20)

while the projection on environmental losses yields an empty
|Y0) and therefore Py = 0. As a result, the heralded state
is absolutely pure (X = 0o). In other words, a click means
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we know with certainty that no photon was lost to the en-
vironment. After setting the usual condition of maximum
entanglement (# = t here) and considering the 16 possible
successful states, we obtain

Pyuccess = %ﬁl(l —1). (21)

Wecansetr = % to obtain the maximum click probability, and
therefore,

n
Psuccess = g (22)

B. Imperfect photon source and detection

As in the case of the NLA protocols, the quality of photon
sources and detectors must be considered. In line with the
earlier assumptions of situation II D in the NLA protocols, we
assume that Alice’s single-rail entangled states are perfect and
consider only the additional noise introduced by the protocol
by adding an imperfect source (quality €) to the three branches
of each resource state |€24) and |€25) and imperfect detection
(quality §) to all eight photon detectors. Repeating the earlier
analysis, the state purity is now a constant finite quantity given
by

2¢?

X=—-7, 23
1—¢€2 23)

and the probability of success is given by
21 +€%)

Poyccess = w (24)

(key intermediary results of this derivation are given in Ap-
pendix D). Interestingly, the state purity X produced by this
purification protocol can always be reached by the NLA pro-
tocols, as € < 1 guarantees

2¢2 2¢
< .
1—€2 T 1—¢

(25)

IV. PROTOCOL EVALUATION AND COMPARISON

The properties of the different protocols (or absence
thereof) are now summarized in Table I, and an example
situation is illustrated in Fig. 8 for d = 25 km and € = 0.99.

First, it is clear that if € < n, doing nothing produces a
purer state and a higher Py than any of the protocols
considered and is therefore a better choice. The protocols
would simply be introducing more noise in the system than
there originally was. The scaling of ,/n for NLA halfway vs
n for the other two protocols also means that, whatever the
other parameters might be, there is always going to be some
distance far enough such that this protocol will outperform the
others. It also looks likely that the purification protocol may
outperform only with very good source quality since both X
and Pyccess Scale with €2, instead of € in NLA.

In order to produce a consistent comparison of the three
protocols across distances and source quality, a numerical
analysis is then performed using the following logic:

(i) If € < n, doing nothing is best.

TABLE I. Limiting behavior of the different protocols. The lim-
iting behavior for the click probability Pycess 1S Obtained under
the assumptions X > 1, n < 1, and 1 —e < 1. The ﬁ scaling
in Pyccess 1 critical to the outperformance of halfway NLA vs the
other two protocols and ultimately dominates any other effect at
long distances, unless the detection and source quality is absolutely
perfect.

Source Protocol Purity X Puccess
Perfect None 1% 1
NLA Bob’s end Arbitrary 47’7
NLA halfway Arbitrary 27/5
Purification 00 %
Quality € None lzf"” 1
NLA Bob’s end Up to 12%5 45;7(% — ‘%‘
NLA halfway Up to 12%6 28\/ﬁ(§ — '%
Purification lzf:z %

(ii) Otherwise, for a given source quality €, the constant pu-
rity ratio X obtained in the purification protocol is calculated
and fixed at the same level for the two NLA protocols

(iii) The success probability is calculated as a function of
distance for all three protocols, and a higher success probabil-
ity for a given distance is considered to be a superior protocol.

Results of the analysis are displayed in Fig. 9 for § = 0.9.
The halfway NLA protocol appears to be superior in most
situations, as the distance scaling dominates. Even in the
situations where one of the other protocols is superior, it
typically appears to offer only marginal improvements over
the halfway NLA protocol. An exception to this rule might
be with the advent of future precise source technologies with
€ =~ 1, whereby operating in the thin green slice in Fig. 9 may
result in a significant advantage.

104 % % Do nothing
—— NLA Bob’s end
08 - NLA Half-way

o Purification

061
041
021
0.0 =
0 20 40 60 80 100 120
X

FIG. 8. Click probability Py,ccess against state purity X for d =
25 km, 6 = 0.9, and € = 0.99. The purification protocol is consid-
ered to outperform here because its metrics place it above the NLA
curve trade-off. If the source quality € is worsened, the green mark
moves to the left faster than the NLA curves, such that the halfway
NLA soon becomes the best protocol.

062603-5



CAROLINE MAURON AND TIMOTHY C. RALPH

PHYSICAL REVIEW A 106, 062603 (2022)

1.0
770 Do nothing
E=4 NLA Bob’send

0.9 1 NLA Half-way
w 27 Purification
ko
=
2. 0.8 1
[
g
=]
2
= 0.7 4
£
S
=
~

0.6

0.5 T T T T T T T

0 25 50 75 100 125 150 175 200

Distance (km)

FIG. 9. Best-performing protocol across distances and source
quality (detection quality § is set to 0.9). The halfway NLA protocol
offers the best performance in most situations. Exceptions are for
very low distances, where doing nothing or NLA at Bob’s end may
be better, or for very high quality photon source components, where
the purification protocol outperforms up to a certain distance.

V. CONCLUSION

We compared the theoretical performance of three quan-
tum communication protocols in terms of output-state purity
and probability of success under different assumptions of
photon source and detection quality. In most realistic situ-
ations, the NLA protocol implemented in a central station
between Alice and Bob offers better trade-off metrics than
NLA implemented at Bob’s end or the purification protocol.
This is primarily due to its probability of success scaling with
the square root of the channel transmissivity, while the other
two protocols are linear. The purification protocol offers the
promise of perfect output-state purity, but it is less resilient
to source noise than the other protocols due to the higher
number of components involved. Building effective quantum
communication protocols is an area of active current research,
and we expect our results will be of interest in providing a

J

quantitative comparison framework of different schemes. In
future work, the analysis may be extended to take into account
other experimental considerations such as dark counts and
thermal noise, as well as to cover a broader set of protocols.
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APPENDIX A: NLA WITH PERFECT PHOTON SOURCE
AND DETECTION

1. NLA at Bob’s end

We provide full calculations for this first setup where the
detections are done at Bob’s end and perfect photon source
and detection components are available. Intermediary results
for the other setups are given without the detailed derivation
but follow exactly the same logic.

The input state is

101010)apciqie; = b} d; 100000)upciae-  (AD)
The input operators b}L and dj can be written in terms of the
output operators based on the diagram from Fig. 2:

1
bl = Jta' +VT—1/1—ne’ +/1 —t\/ﬁ,licT
1
+ /1 — rﬁ,/EbT,
) 1 . 1.
dl = id' —\/l_—t\/;b' ~|—\/1_—t\/;c'.

(A2)

(A3)

Now we can write the input state in terms of the output
operators

. 1, . 1., -
1010104, p,c.dpe; = (\/?\/;a'dT — VTl =1 Ea'b‘ + TV =1 EaWc' + 1 =11 —nrd’e

1 1 1 +
—«/l—r\/l—n«/l—t\/;bTeT+«/l—r\/l—n«/l—t\/;cTeT+«/1—r\/ﬁ\/;\/Zch‘

v v e e i i Loy e v

— V1= r\/ﬁ\/g«/l — t\/g(b*)2 +/1— r\/ﬁ\/g«/l - t@b%*) 100000) 1,b,c:de;-

(A4)
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After applying the operators to the state, we get

— /1 1
|01010)a,-b,-c,-d,ve,- z\/?\/ﬂl()()lo)abcde - \/? 1- t\/;|11000>abcde + \/?V 1- t\/;HOIOO)ahcde

1
+ VT = 13/1T = /110001 1) apeae — /T — 73/T = /1 = t\/;omm)a,,cde

1 — 1
+ “/1 - t\/l - 77“/1 - t\/;|00101)abcde + 1 - t«/ﬁ\/;\/zl()OllO)abcde

1 1 1 1
V1= t\/ﬁ\/;«/l - t\/;onoo)a,,cde + V1= r\/ﬁ\/;«/l - t\/;/imoz()o)abcde

— 1 — 1 — /1
+v1 = T\/ﬁ\/;‘/zl()l()l(»abcde - 1- T\/ﬁ\/; - t\/;ﬁ|02000>abcde

1 1
+ 41— r\/ﬁ\/;«/l - t\/;Ol 100) upede- (AS)
If we project onto ,(0| and (1] (i.e., one of the two click states), most terms drop out, and we get the state
1 1 1
l¥) = VTVl = t\/;lloo)ade +VT—t/1—nv1— t\/;|001>ade + V1 - rﬁ\/;x/?|010)ade- (A6)

If instead we project onto , (1| and (0| (the other successful Bell State Measurement (BSM) state), we get

¥2) = —TV1 = r\/;loome VT t/T— /1 t@oonm +V/T— rﬁ\/gﬁ|010>ade. (A7)

The probabilities of both states are the same since the am-
plitudes differ by only an experimentally correctable sign
change, so the overall probability of success is

Poyccess = 2(W|1ﬂ> =t(l-1)+ (1 -7)(1 - 77)(1 - t)
+ (1 —1)nt. (A8)

If we want to express the density operator for |¢) as a mixed
state conditional on environment outcome, we can see that
projecting |v) onto (0| gives

¥s) = VTV — t\/gu())ad + V1 - tﬁ\/gx/ZIOI)ad,

(A9)
with probability
Pr=(YslYy) = 311 =)+ 50—, (A10)
and projecting |) onto (1| gives
|wo>=¢1—rJl—nJl—r\g|00>ad, (ALD)
with probability
Po={Woltro) = 50 —DA =1 —=0).  (A12)
As expected, we have
Pouccess = 2(Py + Py). (A13)

The normalized density operator can be written in the form

Polwo)wo"| + Pl )w
Po+P;

p= , (Al4)

(

(N)

where [y, ') and |1/f)(,N )) are the normalized states, such that

[y} = 100),a (A15)

and
VT 410} + VT =7,/ 11101
TLfievi=iafi

)

(Al6)

If we want |y,) to be in the maximally entangled state, we
need to set T such that

NV TN (A17)
SO
t
r=—1 (A18)
1—t+1n
Now we can replace 7 in Eq. (A8), and we get
tn?
Psuccessz(l_t) 1—U+m
n

l— —— |nt. A19
+< 1_t+tn)n (A19)

. . P,
From the expressions for P and Py, we can also write X = P—(’]
as a function of ¢ and n, and after some simplifications, we get

2tn

= — A20
(I=md —1) (A2
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Inverting this to get ¢ as a function of X and n, we obtain
__X(-m
2+X(1—n)

Now we can replace all occurrences of ¢ by their expressions
in Eq. (A19), and after some manipulations, we obtain

Puccess = dndd = m(d +X) . (A22)
2n+X{A-=mI2+X1—n)]

For n <« 1 and X > 1, this expression reduces to

(A21)

4
Pyuccess ~ Yn (A23)

‘We note the maximum value of Pyyccess 1S reached for an X that
satisfies

aPSUCCCSS

=0, (A24)
X
which gives
2n+ XA —=ml2+ X1 —n)]
-1 =mA+X)2+2n+2X(1 -] =0.

This is a polynomial of degree 2 in X, and after collecting the
terms and solving for the roots, we get

1+ 1)3Bn—1)

(A25)

Xioot = —1 £ (A26)
l—n
From using n < 1, we get 3n — 1 < n + 1, and therefore,
2n
Xrool < PR (A27)
I—n

showing that any X obtained in the left portion of the curve
in Fig. 3 (where the probability of success increases with
increasing X) is actually always smaller than the X obtained
from doing nothing.

2. NLA halfway

Following the same logic as in Sec. A 1, we obtain the
following key intermediary results. The click probability is
given by

Pyuccess = T\/ﬁ(l -+ —-o)(1 - \/ﬁ)(l — l‘)\/ﬁ

+ (=)t + 1 =)/l —0)(1 — /7).
(A28)

The projection of a click state [¢) onto no environmental
losses gives

1
W) = Ve VT = r@m)ad

1
+ V1 - r,/ﬁ\/;ﬁ|01>ad, (A29)
with probability
Pr = (Ypl¥y) = %rﬁ(l —1)+ %(1 —1)/nt, (A30)

while the probability of obtaining a state that includes envi-
ronmental losses after a click is

Po=0—1)1 = /)1 —1)/1. (A31)

The condition of a maximally entangled [v/f) yields

T=t. (A32)
With this condition, the click probability is given by
Paceess = 20:/11(1 = 1) +2(1 = 1)’/n(1 = /). (A33)
The ratio X representing state purity is
t
X=—"—+, (A34)
1 =0d —/m)

and this can be inverted to obtain ¢ as a function of X, such
that

XD
X(n—-1D—-1
After replacing all occurrences of ¢ by their expressions in
Eq. (A33) and some manipulations, we get

Pyuccess = Zﬁ(l _ ﬁ)(l +X). (A36)

X(yn—1— 17
For X > 1 and n < 1, this expression reduces to

NN

Psuccess ~

X

(A35)

(A37)

APPENDIX B: NLA WITH IMPERFECT PHOTON
DETECTION

1. NLA at Bob’s end
Using Fig. 10 and the same logic as in Appendix A, we
obtain the following key intermediary results. The click prob-
ability is given by
Psuccess = (St(l - t) + 5(1 - T)(l - 77)(1 - t) + 8(1 - 1)771
+2(1 —)(1 —t)(1 — 8)nd. B

The projection of a click state |¢) onto no environmental
losses gives

Py = (Wslys) = 1281 — ) + 11 — D)ome, (B2)

while the probability of obtaining a state that includes envi-
ronmental losses after a click is

Py=8(1—1)1 =030 —n) +n(—3)). (B3)
The condition of a maximally entangled |/() is unchanged
from Sec. A1,
n
T=—--.:
1—t+41n
With this condition, the click probability is given by

(B4)

Paccess = 8(1 — ) 1 —n + tn’
success — T] 1 _ t + tn

n
Ml———— |t
+ < l—t—i—tn)n

1—t
+2(1 = )1 —5)n5(m>. (B5)

The ratio X representing state purity is
2t
X = 0 :
(I+n—=2n8)1 —1)

(B6)
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FIG. 10. NLA protocol in the presence of imperfect detection components for (a) NLA at Bob’s end and (b) NLA halfway. Detection
noise is modeled as an additional vacuum state entering the open port of a beam splitter of reflection 8, such that a photon going through this

component is detected with probability § and lost with probability 1 — 4.

and this can be inverted to obtain ¢ as a function of X, such
that

X +n—2n5)
2n+ X1 +n—2nd)
After replacing all occurrences of ¢ by their expressions in
Eq. (B5) and some simplifications, we get
48n(1 +n —2n8)(1 + X)
20+ X(1+n =202+ X1 +n —2n8)]

(B7)

Pouccess =

(B3)
For n < 1 and X > 1, this expression reduces to
461
Psuccess ~ 7 (B9)

2. NLA halfway
For this case as represented in Fig. 10, the click probability
is
Psuccess = 6ﬁ[(1 - ‘[)[ + f(l - t)]
+28/n(1 —o)(1 —1)(1 —8./7).

The projection of a click state |y) onto no environmental
losses gives

(B10)

Pr =3 ndl(1 — o) + (1 —1)], (B11)
and projecting onto environmental losses gives
Py=(1—1)1—1)5/n(l —68/n). (B12)

The state [/;) can be written in the same way as in Sec. A 2,

with only a factor of 4/ in front of it. The condition on 7 to
reach maximum entanglement is therefore unchanged,

T=t. (B13)
With this condition, the click probability is given by

Pyuccess = 28 /nt(1 — 1) +28./n(1 — 1’1 — 5/m). (B14)

The ratio X representing state purity is given by
t
X=———"—
(=)A= 8/m)

and this can be inverted to obtain ¢ as a function of X, such
that

(B15)

e X(1 =8
S l+XxA-8ym)

After replacing all occurrences of ¢ by their expressions in
Eq. (B14) and some simplifications, we get
25 /(1 +X)(1 —6/n)

Pyyccess = . B17)
[1+X1—-38/m?

For n « 1 and X > 1, this expression reduces to

VRN

~ —

X

(B16)

(B18)

PSUCCCSS

APPENDIX C: IMPERFECT PHOTON SOURCE AT BOB’S
END AND IMPERFECT PHOTON DETECTION

1. NLA at Bob’s end
For this case represented in Fig. 11, the click probability is
Payccess = €8t(1 — 1) +€5(1 —t)(1 —n)(1 —1)
+ed(1 —t)nt +2e(1 —t)(1 —1)(1 —8)né
+8( —7)n(l —e). (C1)

The projection of a click state |Y) onto no environmental
losses gives

Py =1t8e(1 — 1)+ 3(1 — T)dnte, (C2)
and projecting onto environmental losses gives
Py=8e(1—1)1—0)(30 —n) +n(1—38))
+1d —oms(l—e). (C3)

The state [/;) can be written in the same way as in Sec. A1,
with only a factor of v/8,/€ in front of it. The condition on 7

062603-9
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FIG. 11. NLA protocol in the presence of imperfect source and detection components for (a) NLA at Bob’s end and (b) NLA halfway.
Detection noise is modeled as in the previous case. Source quality is modeled in a similar way, with a probability 1 — € for the photon to get
lost. We assume Alice has a perfect entangled state in order to focus the analysis on the noise introduced by the protocols.

to reach maximum entanglement is therefore unchanged,

t
r=— (C4)
1—t+4+1y
With this condition, the click probability is given by
P 2sen—U =0 8(14+n—2n8) (-1
success — €enN——— € - P
cces 771_t+”7 n n 1—I+ZT]
+ 781 —€)————. Cs
(= (C5)
The ratio X representing state purity is given by
2t
X = 1€ . (C6)

e+n—-2n8)1—-1)+n(1 —e¢€)

Here, we note that an arbitrarily high X cannot be reached
anymore by setting ¢ closer and closer to 1, and the maximum
X is given by

2e
Xmax = P (C7)
1—¢€
a level at which the click probability is exactly zero. Equa-
tion (C6) can still be inverted to obtain ¢ as a function of X,

such that

o X[e(1+n—23n8)+n(l —e€)] C8)
2ne +Xe(1 +n —2né)

After replacing all occurrences of ¢ by their expressions in
Eq. (C5) and some simplifications, we get

25n(1+X)(e +n—2end)[2e — X (1 —€)]
[2n+X (14+n—2n8)][2€ + X 2e(1—nd)+n — )]
(C9)

P, success —

If weassume X > 1, n < l,and 1 — e < 1 (i.e., very good
source quality), the expression reduces to

1 1—¢
Psuccess ~ 457] )_( - ) .

(C10)

2. NLA halfway
For the case represented in Fig. 11, the click probability is
given by
Pyccess = 8e/nl(1 — )t + (1 —1)]
+28e/n(1 —o)(1 —1)(1 — 8./7)
+ (1 —1)/n8(1 —e).

The projection of a click state |y) onto no environmental
losses gives

(C11)

Pr =1 n8el(1 — )t + (1 —1)],
and projecting onto environmental losses gives

Py = e(1—0)(1=1)8./n(1=8/0) + 1(1 — 1)s(1—€) /1.
(C13)

(C12)

The state [/¢) can be written in the same way as in Sec. A1,

with only a factor of +/8./€ in front of it. The condition on T
to reach maximum entanglement is therefore unchanged,

T=1. (C14)
With this condition, the click probability is given by

Pyuccess = 286ﬁl‘(1 —1) +25€\/ﬁ(1 — t)2(1 — (Sﬁ)

+ A —=1)/n8(1 —e). (C15)
The ratio X representing state purity is given by
t
< (Cl6)

X = : .
e(l—n(1—8/m+ 11 —€)

Similar to the previous case, an arbitrarily high X cannot be
reached, and the maximum X is given by

2¢
1—€’

Xinax = (C17)

a level at which the click probability is exactly zero. The
formula can still be inverted to obtain ¢ as a function of X,

062603-10
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FIG. 12. The probability Py.ss of obtaining a click is plotted
against distance for state purity X = 4,8 = 0.9, and € = 0.9.

such that

P X[e(1 —&/ﬁ)+%(1 —e)]
B e+Xe(l—8,m)

After replacing all occurrences of ¢ by their expressions in
Eq. (C11) and some simplifications, we get

8 N1+ X)(1 + € — 2e8. /M2e — X (1 —€)]
2e[1 + X (1 —8./m)]2

(C18)

Pouccess =

(C19)
If weassume X > 1, n < l,and 1 — e < 1 (i.e., very good
source quality), the expression reduces to

1 1—¢
Psuccess ~ Z(Sﬁ()—( - ) > (CZO)

3. Case of on-off detectors

The case of on-off detectors was also analyzed, still in the
presence of detection noise as well as source noise at Bob’s
end. A click state is now a state where there is at least one
photon. Any state with two photons at one detector is then
counted as part of v together with environmental losses,
while v, is the output state projected on no environmental
losses and a single photon at each detector.

After repeating the same calculations, for NLA at Bob’s
end, we find

26n(1 + X)(e4+n—8en)[2e — X (1—e)]
[2n 4+ X (14n—8n)1[2e+X 2e—8en+n — D]’
(C21)

PSU.CCCSS -

while for NLA halfway, we find

28 /(1 + X )(1 + € — e /m2e — X (1 —€)]
€2+ X2 -8 MP

success —

(C22)

As displayed in Fig. 12, the improved scaling for NLA
halfway is maintained.

APPENDIX D: PURIFICATION PROTOCOL

1. Perfect source and detection

From the diagram in Fig, 7, the input state for the entire
system is

[010100) g,p,c,de; £; @ 1824) ® |€2p)
= bjdl:‘—|000000>ﬂibicidi€iﬁ ® |QA> ® |QB>v (Dl)

with

1 1
124) = \/;gﬂooon,h,.g,. + \@ki AT 1000) 4,1,:

1 1.
|2) = @mﬁoomm,w + \En P}1000) sy (D2)

The relevant operators can be written as a function of all
the output operators:

1 . 1 1
bj—:\/l—‘[\/;b'—’—'\/l—l' EkT—ﬁﬁ\/;aT
1 +
— VTN EPT—«/?\/l—U '
1 . 1 1
df:«/l—t\/; '—\/l—t\/;gT-I-«/;\/ﬁ EcT

_\/Zﬁ\/g T—\/;/l—neT,

1 m.
ki =—./=b" —kT,
d 27 T3

1 1
T — [ —df \/if
8i /; ty28:
1. 1.
T T i
™ \/;CJF 2"
1. 1
(R .
pi ==y 50+ 5P
hi =h',
nl =n'. (D3)

After expanding the input state and projecting onto no envi-
ronment losses (with the help of some computer code), we
obtain

W) = =2V T = t/T 00 + §/1VEVT = T(01),
Pr=gmlt(d =) +1(1 —1)]. (D4)

Projecting onto environmental loss states does not yield any
term such that Py = 0. The condition of maximum entangle-
ment yields T = ¢, from which we obtained Eq. (22).

2. Imperfect source and detection

Following the same method, we get a click probability of

Paccess = 38 nlt(1 — 1)+ t(1 = 1)]. (D5)
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A click state without environmental loss is

[Wr) = =387V T — 1/T /|10
+ 18%€/MVINT = T|01),

Pp= L8Pt -+ (1—1)], (D)

and a state with environmental loss |y) has probability

Py=L8*ni(1 —e)(1 — 1)1 +€) (D7)

[and we verity Pyccess = 16(Py 4 Py) for 16 successful states].
The condition of max entanglement for [v/) gives
€t
T=—.
l—t+€
We can calculate X and Pyccess now with this condition, and
we get

(D8)

2¢? 8*e?n(1 + €2)
X = T— Poyccess = R (D9)

If we assume 1 — € < 1, the expression for Pyyccess reduces to

N 8%e?n

PSL]CCQSS 8 .

(D10)
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