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Quantum communication

Long-distance quantum communication

http: /goo.gl/RNDB6t
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Quantum communication

Long-distance quantum communication
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http: /goo.gl/IL95bJ
200 km QKD: Tang et al. PRL (2014) 250 km QKD: Gleim et al. OE (2016)
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Gisin & Thew Nature Photon. (2007)
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Quantum communication

Modeling Repeaters

Classical communication (which-frequency-bin)
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Muralidharan et al. Sci. Rep. (2015)
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Quantum communication
Entanglement swapping
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Zukowski Zeilinger Horne Ekert PRL (1993)
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Resources

Source

Laser beam
Crystal

Vertically-polarized
photons

Horizontally-polarized

Entangled photons

http: /goo.gl/AvlyWs
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Resources

Channel

http: /goo.gl/40gB72

ne = e—(aé—l—ao)/lo
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Resources

Detector

pr = (1= exp(=hw/KT)) ). exp(~nhw/KT) [n)(n
n=0
" f,=[)
\50 _ (14 n) exp(—hw/KT)
1 —nexp(—hw/KT)

- n=ngm, <1

http: /goo.gl/EJY6w;j

Plg=0)=(1-p)L-n(l-p)] =1-P(q=1]i)

Rohde Ralph J. Mod. Opt. (2006)
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Resources
PNR Detectors

Plal) =28 () - Gl ging) fori > q
(1 : Zzgl__g))) [1 — nb(%@)] i ﬁiG(q, i;n,p) forq > i

GlraNimp) =3 ()20 e

K

n—1\]2
X {gFl (—n,—A;m—/\+1; )] for v > A
n

G(r, \;m, p) :=0 for v < A
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Resources
Four detectors

L s s s
A

P (arst|ijkl) = P(qli)P(rlj)P(s|k)P(t[/)
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Entanglement swapping

|deal single swap for 2 photons @ BSM

Bell state | (grst)

) (1010) v (0101)

) (0110) v (1001)

16%) (2000) Vv (0200) v (0020) v (0002)
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Entanglement swapping

Conditional coincidence probability and visibility

Q(q'r's't |grst; x, p,m)
Qext(grst) = ext Q(q'r's't'|qrst; x, p. )
q'r's't!

Qmax - Qmin

4 ) 8§79 =
(X v 77) Qmax + Qmin
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Ideal detectors

Entanglement swapping
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Entanglement swapping

Single swap

inn :>

inn I_I
B —\ Fock ijkl T c.>'ut
X)aglX) D =) Proj Z00) | >Ukl
P(ijkl) = (=N |=)
~,out =~ Inner oo ~,out =~
= >Ukl< |———— il = ZP(Uk”qut) =) i1 (=

noisy detection

out ldeal counts on outer detectors given actual on inner
qrst

polarization rotators

P(i'j'K'I'|qrst) = (7'j'K'I'| U(6a) U(68)pgrae U (68)UT(64) |1/ K'T)
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Entanglement swapping

Single swap

qrst|ijkl) P(ijkl)
P(grst)
= P(al)P(rlj)P(sk)P(t|/)P(ijkl)/P(qrst)

P
P(ijkl|qrst) = (

Q(q'r's't |qrst) = " P(q'r's't|i'j'K'I" o,n)P(i'/'K'T |qrst; x, o, n)

o’

Scherer Howard Sanders Tittel PRA (2009)
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Entanglement swapping

Single-swap visibility
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Extending the distance by arbitrary swaps

N swaps with 2N — 1 BSMs

Qext(qrst) = ext Q(q'r's't'|qrst; x, p,n)
q'r's't!

Khalique Tittel Sanders PRA (2013)
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Extending the distance by arbitrary swaps

BSM connecting adjacent swaps

HntAn .
. n + )\n 1 n + / n— Mn >\n —
Q(Mn’ Ay Nt /N+n) = Z <H ) < N+ .N+ w )(_l)un+>\n v
= g iN+n =
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Extending the distance by arbitrary swaps

rm solution

P (i/j/k/l/lqrst) =S Piik|arst) (i'j' K 1| U(@)U (8) 1£) 54 (B UT (@) UT (8) 177 K1)

i

ijkl
" i1+ i j k [} . .
=3 P (grst|ijkl) < 1 (tanh )1 A+ Zl le Zl Zl (—1)H1t ( n ) (Jl)
g Plarst)  \ | oititkath g g cosh®N x 14120 U1=0 17 =0 X1 =0 K1/ v
<k1> (/1 ) 1 (tanh x)/NFINTRN IV
X e
w1/ \A1 N cosh®V
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INtntINgns Bt Anting 1 Hing 1 —Hpp1—Apgl ‘st+n+‘<N+n swntrnting1tkng 1 = Vapl—cngl
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X

itan ? cos — itan ? cos —
(i" +j = n)W(I" + k" — nd)!

X
nalng! (i — na)! (k' — ng)! (v + ky — na)! (1 + k1 — v1 — k1 — ng)!
X &1

' untrN TRy N O it itttk —p—vi— k1= A1
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Extending the distance by arbitrary swaps

N=3 V=01606=+r/2

Qnip = Q(1001[1010) Q.0 = Q(1010]1010)

x = 0.24
n = 0.04
p=1x10"%
(5A:7T/2

Khalique Sanders PRA (2014)
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Extending the distance by arbitrary swaps

N<3; V@ g =Lr/2

n = 0.04
p=1x10"5

00! rere—
0.0 02 0.4 0.6 08 1.0

Khalique Sanders PRA (2014)
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Extending the distance by arbitrary swaps

N<3; V@ g =Lr/2

x =0.1
o = 0.70
p=1x10"5
a = 0.25 dB/km
Qo = 4 dB
00 00T 1000 1500 2000
I

Khalique Sanders PRA (2014)
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Extending the distance by arbitrary swaps

Quantum Cryptography
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Extending the distance by arbitrary swaps

Perfect Secrecy: The Vernam Cipher

P= 011010010 1

K= 1011101100

cC= PpK
1101001001

Impossible to break iff K is
+ Longas P

Random

Secret
* Used only once (One time pad)

Vernam J. Am. Inst. Elec. Eng (1926)
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Extending the distance by arbitrary swaps

Perfect Secrecy: QKD: BB84 Protocol

1 a0y i
' :ﬁilwﬁ\“}) _A«,=
el 7.03 -

N

Toss a coin

Alice” s bit sequence 1 0 1 1 01 11

0
Bob’ s detection basis Q \i .

VA RARRN

Bob's bit sequence 0/ 01 0 d 1 11 7
Basis announced publicly

Sifted Key -01 0 -1 -1 1 -

Bennett Brassard /EEE (1984)
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Extending the distance by arbitrary swaps

Long-distance QKD Protocol

Classical channels

R = Rshor-Preskill Rsifted

1 - —
Reifted = E(xz)z’vlo( ol [4ON)AN ()2 9 \2N-1,2

Rshor-preskil = 1 — kH2(Q) — H2(Q); @ = (1—V)/2

Khalique Sanders JOSA B (2015)
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Extending the distance by arbitrary swaps

Long-distance QKD

(b)

--.-..‘.....,_"-‘_. N=2

Wa
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Extending the distance by arbitrary swaps

Rupp Vs TGW bound for single photons

=0
n=1
a=0.25

Rshor-Preskill = 1
R = Rsifted

Khalique Sanders JOSA B (2015)
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Extending the distance by arbitrary swaps

Truncated summation — Metropolis-Hastings sampling

With Liu Yaxiong and Zhang Pengqing (USTC)

Q(q'r's't'|arst) = Y P(q'r's't'|i'j'K'I'\P(i'j'K'I|qrst)
,'/J'/klll
P(i'j'K'I'|qrst) =Y P (ijkl|grst)
ijki

out

x{(i"j'K'I'| U(a) U (6) E>ukl<é| UT(Oz)UT((S) KT

A,-/j/k/,/

ik (hard)

@ Before: 4 x (2NN — 1)-dimension hypercube truncation
@ Now: Metropolis-Hastings sampling of ijkl from distribution
of (AL K"y to obtain

ikl
AR
Q(q'r's't'|qrst) = <A:.j{dk "y
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Extending the distance by arbitrary swaps

Sampling result for single swap
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Conclusions

Conclusions

Developed a tractable model for practical quantum relay

Quantified upper bounds for visibility

In QKD, smaller N yields higher key-generation rate and
larger N yields larger distances

Next steps: Monte Carlo sampling and including quantum
memory
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