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ABSTRACT

A quantum communication architecture is being developed for long-distance, high-fidelity transmission and stor-
age of Greenberger-Horne-Zeilinger states. This system uses an ultrabright narrowband source of polarization-
entangled photons plus trapped-atom quantum memories, and it is compatible with long-distance transmission
over standard telecommunication fiber. An error model for the preceding architecture is derived, and the use
of quantum error correction or entanglement purification protocols to improve the performance of this quantum
communication system is also discussed.
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1. INTRODUCTION

There has been much interest in Greenberger-Horne-Zeilinger (GHZ) states' because they can be used in a
nonstatistical disproof of local hidden-variable theories of physics, and as resources for multiparty quantum
communication protocols.? Shapiro® has recently described an architecture for long-distance transmission and
storage of three-party GHZ states. His architecture uses an ultrabright narrowband source of polarization-
entangled photons plus trapped-atom quantum memories, and it is compatible with long-distance transmission
over standard telecommunication fiber. In the present paper we extend Shapiro’s work in several ways. First,
paralleling the approach taken by Aung,“® we establish single-photon error models for two versions of the
proposed GHZ quantum communication system: one using dual degenerate parametric amplifiers (dual-DPAs)
for its entanglement source, and the other using a DPA plus a heralded source of single photons. We show that the
density operators of the entangled mixed states stored in the quantum memories are diagonal in a simple logical
basis. Using these error models, we develop performance analyses for two GHZ-state quantum communication
systems. In particular, we consider quantum secret sharing (QSS) protocols? for both classical and quantum
information distribution among multiple parties, i.e., communication protocols for which it is necessary for the
receivers to cooperate in order to learn the secret information. We assess the QSS performance of our GHZ
systems by evaluating the bit error rate of classical information sharing and the fidelity of quantum information
sharing. We also describe the use of quantum error-correcting codes and entanglement purification protocols for
improving the robustness of this GHZ-state quantum communication architecture.

2. GHZ-STATE SYSTEMS

Figure 1 is a schematic diagram for a long-distance quantum communication system that allows for the trans-
mission and storage of the GHZ states required for multiparty quantum communication protocols such as QSS.
This system uses an ultrabright source of polarization-entangled photons produced from optical parametric am-
plifiers. It employs quantum-state frequency conversion and time-division multiplexing polarization restoration®
(not shown in Fig. 1) to transmit the entangled photons over standard telecommunications fiber to be loaded
into 8" Rb trapped-atom quantum memories® for storage and processing. The GHZ system is run under a clocked
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Figure 1. Schematic of long-distance GHZ communication system. GHZ = source of polarization-entangled photons
from either Fig. 2(a) or (b); L = Lkm of standard telecommunications fiber; M = trapped-atom quantum memory.

Dual-DPA

Figure 2. Source arrangements for the GHZ-state communication architecture in Fig. 1. (a) Dual-DPA GHZ system.
The quantum memory in this figure represents a memory internal to the source block in Fig. 1; its loading is used as a
trigger signal.® (b) Heralded single-photon source plus DPA system. PBS = polarizing beam splitter, A/2 = half-wave
plate.

loading protocol in which time slots of entangled photons are transmitted over optical fibers in the 1.55 ym low-
loss window and gated into their respective quantum memories. We expect that the memory loading protocol
can be run at cycling rates as high as R = 500 kHz, so that we can attempt to load a GHZ state once every 2 us.
By using this protocol to sequentially load an array of atomic memories at each location in Fig. 1, we can build
up a reservoir of GHZ states that are shared by these memories.

We consider two possible source arrangements for the GHZ block in Fig. 1. The first is an ultrabright,
narrowband variant of the source used by Bouwmeester et al. in an initial experimental demonstration of GHZ-
state generation.” That experiment was an annihilative table-top measurement and had extremely low flux:
1 GHZ state every 150sec. Our version of the Bouwmeester et al. source—shown in Fig. 2(a)—replaces their
parametric downconverter with a pair of doubly-resonant, type-II phase matched DPAs. With this source, the
Fig. 1 arrangement permits a throughput comparable to what Bouwmeester et al. produced in the laboratory
to be realized at a source-to-memory radius of 10km.? More important, though, is the fact that the memories
in the Fig. 1 architecture allow the GHZ state to be stored for use in applications of three-party entanglement.

Recent work has shown that it may be possible to construct heralded single-photon sources.® With such a
source, we can design a GHZ system with a substantially higher throughput than the configuration discussed
above. In Fig. 2(b), the heralded source places a single photon in the proper spatio-temporal mode for coupling
to the trapped-atom quantum memory during each loading cycle. With the heralded-plus-DPA GHZ source,
throughput rises by three orders of magnitude over the dual-DPA system, to about 15 GHZ states/sec at a 10km
source-to-memory radius.?



2.1. Dual-DPA GHZ System

The first GHZ system uses a dual-DPA source of polarization-entangled photon pairs.” Assume the DPA sources
have cavity linewidth I", output-coupling rate v, and anti-phased, continuous-wave pumps with normalized gain
G > 0. Then the signal (S) and idler (I) output beams of DPAs 1 and 2 are each in zero-mean Gaussian states
with normally-ordered and phase-sensitive correlation functions
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for k = S, I and j = 1,2, where Eg(t) = Ag(t)e ™rt/2 and Er(t) = A;(t)e~ P2 are photon-units, positive-
frequency signal and idler field operators, and wp is the pump frequency. Fiber transmission loss does not change
the Gaussian nature of the joint signal/idler states; it merely multiplies the DPA correlation functions by the
transmission factor 77, < 1. The signal and idler output beams of DPAs 1 and 2 are combined into vector fields,
As(t) = (/151 (t) /152 (t))T and A[(t) = (/1[2 (t) /1[1 (t))T, and transmitted along the signal and idler paths in
Fig. 2(a) where they are gated into the quantum memories.

We use a cold-cavity loading analysis to derive the state that is loaded into the quantum memories. Let
{a(T.): 1 =T,, A, Ay, By, By, Cy, Cy }, be the intracavity annihilation operators after a T,-second long loading
interval for the y-polarized mode of the trigger memory and the x- and y- polarized modes of the quantum
memories {4, B, C}, viz., a clockwise labeling of the quantum memories in Fig. 1. If the memory cavities have
cavity linewidth I'. and input-coupling rate 7., then the intracavity operators are related to the input fields by

T,
an(T.) = ax(0)e T / e T [\ /29 Ar(t) + V2T, = 70) Ar, ()] dt, (3)

0
for k = A, B, C, where the initial internal annihilation operators and loss operators {a(0), Ax, (t)} are in vacuum
states.

It is not hard to show that the joint anti-normally ordered characteristic function for the Gaussian state of
the quantum memory modes is
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2.2. Heralded-plus-DPA GHZ System

The heralded-plus-DPA GHZ system uses a single DPA and a heralded source of single photons. The heralded
source makes it possible to place a photon at the half-wave plate in each loading cycle, which improves the
throughput of the overall system. Let the transmission factor for the heralded photon be n = n5yv./I'T.. The



joint anti-normally ordered characteristic function of the quantum memory modes for the heralded-plus-DPA
source GHZ system is
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3. SINGLE-PHOTON ERROR MODEL

A procedure for nondestructively detecting whether a quantum memory has absorbed a photon has been described
in Ref. 3. This procedure makes it possible to isolate erasure events, i.e., loading intervals in which any of the
atomic memories fails to absorb a photon. A method has also been proposed* ® for converting multiphoton events,
i.e., loading intervals in which any of the memory cavities absorbs two or more photons, into erasure events.
After eliminating erasures, the only remaining loading events are those in which a single photon entered one of
the memories at each end of the quantum communication system. In this section, we derive the single-photon
error model density matrices for the dual-DPA and heralded-plus-DPA GHZ-state systems.

3.1. Dual-DPA GHZ System

We develop an error model for the dual-DPA source GHZ system conditioned on the event that each memory
loads a single photon. Define the computational basis of the quantum memories as

0)4 =101)a,a, and [1)a=[10)a,4,. ©)
0)5 = |01) 5,5, and [1)5 =[10)5,5,, (10)
|O>C = |10>Cmcy and |1>C = |01>Cmcy7 (11)

in terms of the number-ket representations for the x- and y-polarized photons that loaded these memories. With
this computational basis, the GHZ state loaded by the Fig. 1 system is [¢Yauz)apc = (|OOO>ABC—|—|111>ABC)/\/§.

To study the success and error events in our GHZ system, we consider an equivalent system model in which
the effects of memory cavity loading are included in the DPA source state. This means we can assume that the
sources generate outputs { as;,ar, : j = 1,2}, in the two-mode Gaussian states described by the characteristic
functions

Xf{lll (CSl?CIl) = exp [_(1 + ﬁ)(|CS1 |2 + |<I1 ‘2) + ZTNLRQ(CSHCH)] ’ (12)

and
Xi212 (CSz?CIZ) = exXp [_(1 + ﬁ)(|<sz‘2 + |C12|2) - 2ﬁRe(CS2CIZ)] : (13)

In Table 1, we list the seven possible combinations of source photons that, ignoring beam splitter losses, will
load exactly one photon in each quantum memory.* This table also lists the quantum memory state that each such
source combination loads. We can use Table 1, together with source number-state probabilities, to compute the
success and error probabilities of the GHZ-state memory loading protocol. Let Pr (jmn)sr) = sr{mn|psr|mn)sr,
where |mn)gr is the product number state of the DPA output signal and idler modes, and pg; is the density

*Note that the desired entry in this table, |{)cuz)aBc, occurs when one signal/idler pair from each DPA provides the
four photons that load the {T, A, B, C'} memories. For the other memory states shown in Table 1, one of the DPAs must
produce more than one signal/idler pair to achieve the memory load. Such memory loads occur through a combination
of multiple-pair emission from a DPA and source-to-memory loss.



| DPA; Photons | DPA; Photons | Memory State Loaded |

S1, Iy Sz, Iz |Yauz) ABC

51,51711 Sg 101>ABC
S, I, Iy Sy 001) aBc
S SQ,IQ,IQ 110>ABC
I So, I, I 010) aBc
S1, 51 So, Iy 100>ABC

I, I Sa, Iy 011) oo

Table 1. Combinations of dual-DPA source photons that, ignoring beam splitter losses, load a single photon in each
quantum memory of Fig. 1. Also shown is the state of memories A, B, and C that results from each such source
combination. Photons S; and I;, j = 1,2, represent signal and idler photons from the jth DPA.

operator corresponding to either (12) or (13). In Appendix A, we derive the following source number-state
probabilities:

Pr(01)s1) = 2. (19
Pr((02)s1) = o (15)
Pr(nsy = YT (10
Pr(12)5p) = YAEIT), (17

where N = 7i(1 + ) — 7% and D = (1 +7)? — 7.

In the single-photon error model, the quantum memories can load the GHZ state only if the dual-DPA source
generates the four photons {Si,S2, 1, 2}, i.e., each DPA outputs exactly one signal and one idler photon.
We compute the probability of loading the GHZ state by conditioning on the event that the dual-DPA source
generates the four photons {S1,Se, I1, [} as follows:

Pr(|Yguz)asc) = Pr(|vYeuz)asc | {51,852, 11,12}) Pr ({51, S2, 11, 12}) (18)
1 1 /N2 4+ 72 2 N2 1 752)2
= e’ = (Y ) =S (19)

The factor of 1/4 after the second equality represents factor-of-two losses at the top PBS and at the 50/50 beam
splitter in Fig. 2(a).

For each source combination in Table 1, there is a factor of 1/4 loss arising from the beam splitters in our
setup, so that the probabilities of the error components are

Pr (]101) 4pc) = Pr (001) apc) = Pr(|110) 450) = Pr (J010)a5c) (20)
= iPT(|01>SI)PF(|12>SI) = W’ (21)
and
Pr(100)4pc) = Pr(011)45¢) = & Pr([11)57) Pr (02)57) = -7, )
Using the basis,
{ |OOO>ABC\;_L§|1H>ABC7 |001) aBc, [110) aBC, [010) ABC, [101) ABC, |011) ABC, |100>ABC} ' (23)



| Heralded Photon | DPA Photons | Memory State Loaded |

H S, 1 |Yauz) ABC
0 T.1 001) apc
i 5.5 110) ac
— S.5.1 010y a0
- S 1,1 011) anc

Table 2. Combinations of source photons that, ignoring beam splitter losses, load a single photon into each quantum
memory for the heralded GHZ system. H represents a photon from the heralded source, and S, I are signal and idler
photons from the DPA source.

we now find the joint conditional density matrix for memories A, B, and C, given that an erasure has not
occurred. For the dual-DPA GHZ system, this density matrix turns out to be diagonal in the Eq. (23) basis,
and given by

papc =diag(Pg, 0 Pe, Pea, Pea, Pa, Peo, Pea,), (24)

where

(N2 4?2
4 TN4A 4L 12N272 4+t

Po (25)
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TN4 +12N2p2 + p4’

Peld = (26)

N?(N? +2?)
TN* +12N272 + at’

Peo, = (27)

3.2. Heralded-plus-DPA GHZ System

We now develop the single-photon error model for the heralded-plus-DPA GHZ system. We begin by examining
the ways in which exactly one photon can be loaded at each quantum memory. To do so requires exactly three
photons from the heralded-plus-DPA source; Table 2 shows the source combinations that can load each of the
memories with a single photon, ignoring the beam splitter losses.

To compute the probabilities of the events in Table 2, we use the DPA source probabilities listed in Eqgs. (14)—
(17) and let n be the probability of receiving a heralded photon. Then,

1 n(N? +n?)
Pr([Yenz)asc) = Pr([Yenz) apc | {H, 5,1} ) Pr({H, 5, 1}) = 70 Pr([11)s1) = = =5 (28)
The error components are computed similarly:
1 nN?
Pr (|001>ABC) =Pr (|110>ABC) = Z Pr (H) Pr (|02>SI) = m, (29)
1 N(N? + 272
Pr (|010)apc) = Pr(|011) apc) = Z[l —Pr(H)]Pr(|12)s7) = (1 — n)%. (30)
For the heralded-plus-DPA source, the conditional density matrix in the basis (23) is therefore,
papc =diag(Pg, 0 P., Pea, Pe, 0 Peo, 0), (31)



where

n(N?+a2)D
PGh = ) -5 — 2 ~92\ (32)
n(3N2 +n2)D 4 2(1 — n)N (N2 + 2a2)

nN2D

P =
T n(BN2 + 72)D + 2(1 — n)N(N? + 272)’

B (1 —n)N(N? + 272)
Feon = GNZ 7 #2)D + 2(1 — ) N(N? + 2i2) (34)

In calculating these matrix elements we have used the same transmission loss factor, n = npyv./I'T,, for each
source-to-memory path in Figs. 1 and 2(b).

4. QUANTUM SECRET SHARING

Secret sharing refers to cryptographic protocols that allow Alice to share secret information with Bob and Charlie
in such a way that individually they have no means for learning Alice’s secret, but by working together can they
gain access to Alice’s secret information. One classical implementation of secret sharing requires Alice to send
Bob a random bit string r and to send Charlie the modulo-2 sum, r ® m, of the random bit string r and her
message m. If Bob and Charlie act together, they can recover Alice’s message m simply by adding their bit
strings together. Of course, this protocol presumes that Bob cannot monitor Alice’s transmission to Charlie and,
likewise, that Charlie cannot intercept Alice’s transmission to Bob.

Quantum secret sharing (QSS) protocols divide into two types, depending on whether Alice’s secret infor-
mation is classical or quantum. We will look at how GHZ states can be used to share classical and quantum
secrets? and analyze the performance of our GHZ systems in the single-photon error model.

4.1. QSS for Classical Secrets

Hillery et al. presented a QSS protocol in Ref. 2 that allows Alice to send classical secret messages to Bob and
Charlie by using GHZ states. The three parties first share N GHZ states, i.e., their joint state is |¢GHZ>%C.T
For each shared GHZ state,
1
[Ycuz) ABC = E(\OOOMBC + [111) aBc), (35)

Alice, Bob, and Charlie measure on their own memories randomly in either the = basis or the y basis, where
1 1
V2 V2

After making these measurements, Alice, Bob, and Charlie publicly announce their measurement bases. Bob
and Charlie individually have no information about Alice’s measurement outcomes, but in half of the cases—i.e.,
when Bob and Charlie used the same basis and Alice used the x basis, or when Bob and Charlie used different
bases and Alice used the y basis—they can work together to determine Alice’s results by using the lookup table
in Table 3. For example, if they all measure in the x basis and Bob and Charlie both obtain the result x—, then
they know that Alice has the result z+.

z£) = —=(10) £[1)),  |y£) = —=(10) £4[1)). (36)

Alice, Bob, and Charlie keep the measurement results from the cases in which they choose appropriate bases
and discard the others. By associating x4, y+ results with bit 0 and x—, y— results with bit 1, Alice now shares
a joint key with Bob and Charlie with which she can encode classical messages.

In our error model, Alice, Bob, and Charlie will sometimes carry out the QSS protocol with an incorrect
state from the ensemble of states in the basis (23). In an error event, it is possible for Bob and Charlie to obtain
incorrect results from the lookup table. Shared key bits created with error states have error probability 1/2.

"Reference 2 does not present an architecture for establishing this shared entanglement over a long distance; we
described just such an architecture, however, in Sec. 2.



Charlie

Bob rx— | z— x4+ | y+ y—

Table 3. QSS for classical information distribution. Lookup table for determining Alice’s measurement outcome.

0.11

— Dual-DPA System
- - - Heralded System

0.1

o
o
©

o
o
®

Probability of Error
o o
o o
q’ ~

————
="
.
-

o

=)

a
4

0.04f _-°

0'030 10 20 30 40 50
Source-to-Memory Path Length L, (km)

Figure 3. QSS bit error probabilities for dual-DPA and heralded-plus-DPA GHZ systems in the QSS protocol. These
plots assume each DPA operates at 1% of its oscillation threshold, 5dB excess loss in each source-to-memory path,
0.2dB/km loss in each fiber, and I'c/T" = 0.5 ratio of memory-cavity linewidth to source-cavity linewidth.

From the density matrices (24) and (31), we find that the bit error probability for classical information
transmission via the QSS protocol is

Pe - 2Peld + Pe2da (37)
for the dual-DPA system, and
Pe - Pelh + PEQh? (38)

for the heralded-plus-DPA system. The bit error probabilities (37) and (38) are plotted in Fig. 3. Possible
methods for improving the performance of our GHZ systems include purifying the three-party entangled state
to reduce the number of error events or using classical error correction to transmit Alice’s message.

4.2. QSS for Quantum Secrets

We now consider the performance of our GHZ systems for transmission of quantum information using the
QSS protocol proposed in Ref. 2. In this protocol, Alice, Bob, and Charlie share a GHZ state |Yguz)apc =
(]000) apc + [111) apc)/V/2, and Alice’s secret is the qubit [¢))s = a|0)s + 3]1)s, which she wishes to send to
Bob and Charlie in such a way that they must cooperate to obtain this quantum information. The joint state
of Alice, Bob, and Charlie—including Alice’s portion of the GHZ state and her quantum secret—at the start of
the QSS protocol is [1))sYauz) aBC-

Alice initiates the QSS protocol by making the Bell-state measurements, {|#/*)sa,|¢*)sa}, on her secret
and her portion of the GHZ state. Alice then labels as (m,n) the two classical bits she derives from these
measurements, using the following scheme: ¢ = (0,1),9~ = (1,1),¢* = (0,0),¢~ = (1,0). She sends m to



| Shared State | QSS Output | Fidelity | Dual-DPA | Heralded |

[Yauz) ABC |9)s 1 Pq, Pa,
001)apc | [BI°10)ss (0 + [o*[1)ss(1 1/3 Pe1, P,
110)apc | 1BI10)ss(0] + [a[*[1)ss(1 1/3 Pey, Pey,
010) aBC al?10)ss(0] + |8]7[1) s 5(1 2/3 P, Pea,
101) apc o?10)ss(0] + [8]*]1) s5(1 2/3 Pey, 0
011) aBc B1%[0) 550 + [a*[1)ss(1 1/3 Pea, Pes,
100) apc BI710) 55 (0] + [a*[1)ss(1 1/3 Peo, 0

Table 4. For each three-party state that might be shared by Alice, Bob, and Charlie, this table lists the output state
that will result from application of the QSS protocol—in which Alice, Bob, and Charlie assume that they have shared
the GHZ state |1cuz)apc—the average fidelity that is achieved with this output state when the quantum secret |1))gs is
uniformly distributed over the Bloch sphere, and the occurrence probabilities [from Egs. (24) and (31), for the dual-DPA
and heralded-plus-DPA sources, respectively] of these output states.

Bob and m @ n to Charlie, using secure classical channels so that Bob cannot intercept m @n and Charlie cannot
obtain m. It follows that neither Bob nor Charlie has any information about Alice’s secret—even after receiving
the classical information from Alice—because their marginal density operators at this point in the protocol can
be shown to be pp = fB/Z and po = fc/2, respectively, where I is the identity operator.

For Bob and Charlie to learn Alice’s secret qubit |¢)) g, they must cooperate. Because the no-cloning theorem
precludes making two copies of this state, either Bob or Charlie—but not both of them—will possess a replica of
[)s at the end of the QSS protocol. Let us arbitrarily assume that Bob and Charlie have agreed to let Charlie
be the recipient of this replica. Having made that agreement, Bob measures his portion of the GHZ state in the
x basis, {| +z)p = (|0)p £ [1)5)/v2}, and he sends Charlie the result of this measurement along with Alice’s
m bit. Together with Alice’s m & n—which he received earlier—Charlie now has all the information he needs to
turn his portion of the GHZ state into a replica of Alice’s secret via a local unitary operation.

4.2.1. Uncoded Performance

Let F be the average fidelity of the preceding QSS protocol when Alice’s secret, |1)) g, is selected from a uniform
distribution over the Bloch sphere. Using Table 4, we compute the average QSS fidelity for the dual-DPA GHZ
system to be,

F=Pg,+2P.1,+2P.2,/3, (39)
and for the heralded-plus-DPA GHZ system,
F =Pg, +2P., /34 Pea, .- (40)

4.2.2. Coded Performance
Quantum error correction can be used to improve the performance of the QSS protocol. We will illustrate this
improvement by considering use of the five-qubit error-correcting code:'°
|0z) = |00000) + |00110) + [01001) 4 [01111) + |10101) — |10011) + |11100) 4 |11010), (41)
|1.) = —]00101) — |00011) + |01100) — |01010) — |10000) + [10110) 4 |11001) + |11111). (42)
Table 4 lists the output states that result from application of the QSS protocol—in which Alice, Bob, and Charlie
assume that they have shared the GHZ state |t guz) apc—when in fact they have shared one of the states from

the basis (23). From this table, we see that applying the QSS protocol, when a particular basis state has been
shared, is equivalent to sending a qubit over one of the following three channels:

E1(p) = b, (43)
Ea(p) = PopP{ + PrpPY, (44)
Ep(p) = P2pPf + PIpPy, (45)
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Figure 4. Average fidelity in the QSS protocol. We compare the performance of the dual-DPA and heralded-plus-DPA
GHZ systems with and without coding. We assume the same operating conditions as in Fig. 3.

where Py = [0)(0], P, = |1)(1], and P, = [0)(1]. Channel £4 takes an input qubit «|0) 4+ 3|1) to the mixed
state |a|?]0)(0] + |3|%|1)(1], and channel £p gives the output state |3]2]0)(0] + |a|?|1){1]. Because the density
matrix for the {A, B, C'} quantum memories is diagonal in the Eq. (23) basis, these three channel possibilities,
{€1,E4,ER}, occur with probabilities

Pr = Pg,, (46)
Py =2P.,,, (47)
Pp =2P.1, + 2P, (48)
for the dual-DPA system, and

pP; = Fg,, (49)
Py =Py, , (50)
Pp =2P.q, + P.s,, (51)

for the heralded-plus-DPA system.

The five-qubit coded QSS channel has the form

E1®E @ E R EL R Es(Penc)s (52)

where penc is the encoded qubit state and &; € {€1,€4,Ep}. We used simulations to evaluate the average fidelity
for each of the 243 possible coded QSS channels. For each coded QSS channel, let nj be the number of &
components, k = I, A, B. The 243 channels were divided into 21 different cases, according to the distribution
(nr,na,np). The simulation results are displayed in Table 5. The average fidelity of the coded QSS channel is
then calculated, using the multinomial distribution for (ny,n4,np), as follows,

21 21
5
F = Pr(case j)F; = P PYAPREE, 53
Sorrease D=3, 0, VPR 53

where F} is the average fidelity of the five qubit code given that a coded QSS channel in case j occurs; the
j-dependence of (nj,ma,np) is as given in Table 5.

Figure 4 shows the average QSS fidelity for the dual-DPA and heralded-plus-DPA GHZ systems with and
without coding. We see that the heralded-plus-DPA GHZ system has significantly better performance than the

10



| Case | (n;,na,ng) | F; | # of channels |

1 (5,0,0) 1 1
2 (4,1,0) 1 5
3 (4,0,1) 1 5
4 (3,2,0) 5/6 10
5 (3,1,1) 2/3 20
6 (3,0,2) 1/3 10
7 (2,3,0) 7/10 10
8 (2,2,1) 47/90 30
9 (2,1,2) 19/45 30
10 (2,0,3) 7/15 10
11 (1,4,0) 37/60 5
12 (1,3,1) 29/60 20
13 (1,2,2) 17/36 30
14 (1,1,3) 31/60 20
15 (1,0,4) 11/20 5
16 (0,5,0) 7/12 1
17 (0,4,1) 29/60 5
18 (0,3,2) 29/60 10
19 (0,2,3) 31/60 10
20 (0,1,4) 31/60 5
21 (0,0,5) 5/12 1
total 243

Table 5. Coded QSS channel simulation results. The 243 coded QSS channels are divided into 21 cases according to
component distribution (nr,na,ng). For each case, we list the average fidelity F; and the number of coded QSS channels
belonging to that case.

dual-DPA system in the QSS protocol in both uncoded and coded operation. Coding improves the performance
of the heralded-plus-DPA system for all path lengths shown in this figure, but beyond about 16 km source-to-
memory path length coding reduces the fidelity of the dual-DPA system. The dual-DPA curves with and without
error correction cross because the five-qubit code degrades performance when the incidence of multi-qubit errors
is too high; the same thing occurs for the heralded-plus-DPA system, but at a much longer path length. Even
when coding improves the fidelity, there is still a price to be paid: use of the five-qubit code reduces throughput
by a factor of five.

4.2.3. Entanglement Purification

In this section an alternative approach for improving the performance of the GHZ system is studied: the use of an
entanglement purification protocol. Let Alice, Bob, and Charlie possess a block of n mixed entangled three-party
states. Through the use of local operations and classical communications, they can produce a smaller number
m < n of GHZ states with arbitrarily small probability of error for large n. The yield of an entanglement
purification protocol is defined as D = m/n in the limit n — oo.

The entanglement purification scheme we shall consider is the multiparty hashing protocol.!' Define the cat
basis as the set of orthonormal states

|0i1ia) apc + (—1)P|1liriz) aBc
|¢p,i1i2>ABC = \/5 ) (54)

where p,i1,i2 = 0,1. We call p the phase bit and i1, i3 the amplitude bits. Given an initial mixed entangled state
papc, let H(p), H(i1), and H(i3) be the entropies of the phase and amplitude bits with respect to the diagonal
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| Cat State | p [ i1 [ iz | Dual-DPA | Heralded |

000) £ |111) [0] 00| Po, 7o,

000y —[111) [ L]0 |0 0 0

00L) + (110 [0 | 0 | 1| P, P,
001) —[110) (1|0 | 1| P, P,
010) F[101) [0 1 [ 0] P, Pos, /2
010) —[101) (L[ 10| P, Doy, /2
0L £ [100) [0 T [ 1] P, Pos, /2
O1L) —[100) [L | 1 [ 1| Po, Doy, /2

Table 6. The distribution for each bit of the unknown cat state is determined by the single-photon density matrices (24)
and (31). The distributions can be used to compute the entropies H(p), H(i1), and H (i2).

cat-basis matrix entries of papc. From Table 6, we find that the entropies of the phase and amplitude bits for
the dual-DPA GHZ system are

H(p) = H(Pg, + 2P, + Pe2,), (55)
H(iy) = H(Pg, + 2F.1,), (56)
H(iz) = H(Pg, + 2P.1,), (57)
and for the heralded-plus-DPA GHZ system,
H(p) = H(PGh + PElh + P52h)’ (58)
H(iy) = H(Pg,, +2P.1,), (59)
H(iz) = H(Pg, + Pea,). (60)

Maneva and Smolin'! have shown that the yield of the multiparty hashing protocol is
Y =1-H(p) - max{H(ir), H(iz)}, (61)

if the right-hand side is a positive quantity, and it is zero otherwise.

Figure 5 compares the performance of the GHZ-state systems with and without the use of the multiparty
hashing protocol. The left panel shows normalized throughput, D Ngyccess, versus source-to-memory path length,
where Ngyecess = RPr (Yamz) is the throughput of successful GHZ memory loadings/sec and yield Y = 1 when
no entanglement purification is employed. The initial fidelities of the dual-DPA and heralded GHZ systems are
quite high, so the throughput lost through the application of the hashing protocol is quite modest. Assuming
perfect measurements at the transmitter and perfect qubit logic at the receiver in implementing the hashing
protocol, the average QSS fidelity is unity in the limit of large block sizes. The major drawback of utilizing
entanglement purification, as compared to the much simpler five-qubit error correction code, is the enormous
amounts of quantum memory that are needed at the transmitter and receiver to realize the large block sizes that
valildate use of the asymptotic yield expression (61).

5. CONCLUSION

A quantum communication architecture for long-distance, high-fidelity transmission and storage of GHZ states
for quantum secret sharing has been studied. We derived the single-photon loading event model for the GHZ
system for two different source configurations, and developed performance analyses for the GHZ-based quantum
secret sharing of either classical or quantum information. We evaluated the classical bit error rate of classical
information sharing and examined the fidelity of quantum information sharing. A preliminary assessment of
the application of quantum error correction or entanglement purification showed that these techniques can
improve the performance of the baseline architecture. In the case of a simple quantum error-correcting code, this
improvement comes at the cost of a substantial reduction in throughput. In the case of entanglement purification,
the cost is a dramatic increase in the amount of quantum memory that will be needed at each location.
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Figure 5. Performance of dual-DPA and heralded GHZ systems with the multiparty hashing protocol. Left plot: Through-
put of GHZ states with and without the hashing protocol. Right plot: Average fidelity for quantum secret sharing. With
the hashing protocol, the fidelity of QSS approaches one as the block size n — oco. We assume the same operating
conditions as in Fig. 3. EPP = entanglement purification protocol.

APPENDIX A. NUMBER STATE PROBABILITIES

Here we provide a derivation of the product number-state probabilities (14)-(17). The mixed Gaussian state of
the signal and idler is given by the anti-normally ordered characteristic function
xa(Cs,¢r) = exp [(1+7)(I¢s[* + [¢r[*) + 2ARe(Cs¢r)] - (62)

The density operator of the Gaussian state can be expressed as the operator-valued inverse Fourier transform of
its characteristic function:

. e wr d2Cod?
psr = // XA(C&CI)G_CSGE_CN%CSQSJFQM—Cfrz o (63)
It is easy to show, via series expansion, that,
(nle™" < % n) = Lu(¢), (64)

where L, (+) is the Laguerre polynomial of order n. The probability of the product number state |mn)g; is then

Pr(mnsr) = srtmalpsilmn)s: = [ [ xa(Gs, (IG5l TS5 (65)

= /OOO/OOO/O 7r/0 i exp [—(1+n)(rg + r7) + 2arsr; cos(fs + 6;)]
X Lo (r2) L (12 )TS” d0sdfydrgdrr (66)
4 / / exp [=(1+ 1) (r% + 12)] Lon (r2) L (r2)Jo (2ifirsrr)rsrrdrsdry (67)

o0 (14 n)*—a%) Ry 2Ry
(1 +n)m+1 /O exXp l 1+7 Ln(RI)Lm (T_Li(l T ﬁ)) dRy (68)
m n m—+n

= ( ;; >%F[—m, —n; —m —n; D(A* — %) /N?], (69)
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where Fla, 3;7; 2] is the hypergeometric function. In this derivation, we introduced polar coordinates in (66),
and used (7.421.1) from Ref. 12 to evaluate the inner integral in that expression, followed by the change of
variables R; = 12, and application of (7.414.4) from Ref. 12 to get (69). Special cases of (69) are
N’I’L
Pr(|0n)sr) = st (70)
N"Y(N? 4+ nn?)

PI‘(|1’N,>S]) = Dn+2

We obtain the number state probabilities (14)—(17) by substituting n = 1,2 into Egs. (70) and (71).
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