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CPCC
Classical vs. Quantum Communication a .WW’W

! i

Classical bit: 0 or 1

Error-free communication
below channel capacity

1
Bob

Quantum bit; |¥) = «|0)+ B|1)

v)=al0)+ g1y P

Conflict with Quantum Mechanics

* No-cloning theorem

— It is impossible to duplicate an
unknown quantum state

» Heisenberg uncertainty principle

— It is impossible to know a quantum
state
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| Transmitter T and Receiver R share entangled qubits
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'¥), =a|0), + A1), Transmitter accepts input qubit and makes
measurements on the joint state of the input qubit and
Transmitter’s part of the entangled qubit

Measurement results (two classical bits) sent to Receiver

Simple transformation at Receiver yields _

*Bennett et al. “Teleporting an unknown quantum state via dual classical and
Einstein-Podolssky-Rosen channels” Phys. Rev. Lett., 70, 1895--1899 (1993).
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Requirements for Such Connectionless W
Quantum Communication " e e N

« Ubiquitous availability of entangled photon pairs
— Efficient sources of entangled photon pairs

— Efficient distribution of quantum entanglement

* Technologies for storage and on-demand recall of entangled
photons for the users

— Technologies for mapping entanglement from one modality to
another, e.g., from photonic states to matter states

— Or one qubit in matter states while the other on a photon
« Technologies for quantum measurements (Bell states)

— Efficient single/correlated photon detection

— Unconditional bell-state measurements/analysis

Photon loss is the bane of quantum communications !
And, of course, phase decoherence !!!
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Desirable Features of an o MV
Entanglement Source R S e

» Should produce and send copious amounts of pairs at high rate

- Entanglement should not degrade as the pairs are distributed

Entangled
Photon-Pair
Source
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Crystal-Based Approaches o WV

SPDC  For example, S. Castelletto et al., New. J. Phys. 6, 87 (2004)

= Typically not in telecom
band

= Spatial mode profile

Pump Be : i
Ly FumpBeam | (OE 5: Smg:ge'\:'sode incompatible with single-
R 6 mode fiber

p
= | oss of entanglement
when coupled into SMF

SPDC in Wavequides S. Tanzilli et al., Euro Phys. J. D 18, 155 (2002)

Coupling objectives .
_____________ ] _________?_'J_mp!Fﬂter Asi @
v vy 1314 nm = Pump still not in the

telecom band

= Spatial mode profile
CW Pump laser Alvi better matched, but not
Ap=657nm L P P ens perfect

50/50 Coupl
PPLN waveguide e
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Our Motivation for using Fibers WV\"W

 Realistic long-distance quantum communication must
integrate with existing optical-fiber networks
- Fiber offers several advantages over )

— Excellent modal purity, highly desirable for schemes requiring
multiple quantum interactions

— Possible to wavelength multiplex several entangled channels
on existing fiber plant

— Avoids coupling photons from (2 crystals into fiber

— Long distance operation possible, owing to high quality of
commonly available optical fibers

- Side benefit: Allowing us to investigate fundamental
limits of practical optical communication technology
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Outline WV\:*W

« What is quantum communications?
* Requirements for implementing quantum communications

* Fiber-based sources of correlated / entangled photons

— Nondegenerate polarization entangled

- Ultrafast switching of photonic entanglement

— Ultrafast MUX / DEMUX of quantum data channels

* Conclusions and future outlook
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Four-Wave Mixing and Parametric o WV
Fluorescence in Optical Fiber XS S e
Amplified At the Quantum Level:
Signal v Medium (Glass) M, Depleted
- — I?’zris - FWM is nondegenerate optical
Pump Kerr Nonlinearity dler parametric amplification (OPA),
as in ¢ crystals
« Signal and idler photons are
0 20 created in pairs
AR~ « They exhibit entanglement
s S e 15 properties similar to signal and
o 20 MO VMY = idler photons created in y(?
m . , o . :
= ,: ¥ P 02 parametric down-conversion
o ' c
2 ‘. T
o -40 - : S
15 Slgnal
Pump
" PF :
-60 - S ‘ ‘ — =0

700 720 740 760 780 800 Idler

Wavelength [nm]

Serkland et al. OL 23, 795 (1998) in DSF
Sharping et al., OL 27, 1675 (2002) in MF

_ _ _ M. Fiorentino et al., IEEE PTL 14, 983 (2002)
Strong parametric fluorescence is easily X. Li et al., PRL 94, 053601 (2005)

observed at moderate pump power Migdall et al. & Rarity et al. (2005-2007)
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Phase-Matching Considerations  ~o~ WV
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Migdall et al. & Rarity et al. (2005-2007)
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Our Solution: Cool the Fiber A WV
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Fiber-Based Source of WLMWC\,S’\W
Polarization-Entangled Photon Pairs "oy N

D1
Wy H H)+ ™ V7)) e [ i

Filter M Polarization
— Analyzers
) > ™) D2
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Room Temperature and Stability Data o W

w

VAV 4

[
p *e. ,

TPI at 4 different bases, 23°C

H D vV A —+-939% * Good but somewhat
-2 93% reduced performance at

—-92%  room temperature
6 —0-90%

* Note, however, that this
level of performance is still
very good; TPI > 0.71

coincidences / MG
N

2
indicates violation of Bell’s
‘ - inequalities
% 50 100 150 200 d
polarizer angle (degrees)
. Wang & Kanter, IEEE JSTQE 15, 1733—-1740 (2009)
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Entangled Photon Source Specification Sheet
http:/Inucrypt.net/entangled-photon-source.htmi "o AVAY <

Crypt

Entangled Photons Source
(EPS-1000)

Entangled Photons Source
(EPS-1000)

Product Overview

NuCrypt has developed a fiber-coupled source of entangled photons which is remarkably easy

E s o . X Attribute Value Units Comments
to use. The source is inherently compatible with fiber optics. has excellent modal purity, and
Pulse Rate 50 MHZ
high spectral brightness. NuCrypt's patent pending architecture for the entangled photons source 1 ! 1
: ; signal Wavelength 1550.1 nm Other Values on the ITU grid are avallable
leads to a stable output and allows for an “alignment” mode of operation to make it easy for the i 9 I ! 1 - g
|
1 3 i : idler Wi length 1 .1 ther Vab the IT| - lab!
users to align their measurement basis (polarization analyzers) to a desired orientation. The disy Weelang || to | 28 | Sxmrvdlieromimiidpidomoiac
| i | o i
rack-mountable source is simple enough for non-experts in the field to use and thereby greatly Signailghoton Fa8 banawidin _‘ 9 any Tronstorm fimitad pulse
| "
expands the potential for applications development. The pair-emission rate is computer controlled. Idler photon 3-d6 bondwidth | 10 | VhE | Transform limited pulse
Upon request, the nonlinear fiber can be mounted outside the source so it can be cooled by the Signal/icier phaton duration | = P
user fo reduce Raman scatiering, thereby improving the source's performance. Pair-emission probability (o) | per pulse User settable, inferred af fiber tips ofter filtering*
TPI visibllity (300K) | 90, 85 % {p ~ 0.0003, p ~ 0.001}
|
TPI visibllity (77K) {97, 93) % {p ~ 6.0005, p ~ 0.002}
signal and idier entangled pairs T T t
can be distributed over fiber and Form facter Standard 5U 19" rack mountable box
measured with single photan
detectars (SPDs)
The graph shows two photon easured coinc
interference fringes measured in ttance = 0.7, sir 5 MHz with 25% detection efficiency, and p ~ 0.0
co[re'“'c" four different boses. 77/s [photon-pair emi er fips = 25.000/s at 50 MHz pump-pulse rate]

« Electrical and optical clock signals at the repetition rate for synchronizing detectors
« Computer contrallable two-photon generation rate

« Bullt-in polarized alignment signal for easy alignment of measurement analyzers

100

est_ visibility (%)

NuCrypt EPS-1000

* Distribution of polarization entangled phofons over fiber 30 40 S0 ea 70

80 80 100 110

Use in guantum cryptography, quantum imaging. or quanfum metrology applications

* Stable fiber optical cutput with high spectral purity and brightness

»
afically with pUmp power, byt du
e quality of enfongle egrades. lowerr

multiphoton

Pl visiblity
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OC-192 Data Transmission
{1544 42 nm,-10.2 dBm launch)

50 km Fiber

NIG«E Receiver
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Entangled Photon Pair Source
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OC-192 Data Transmission

(155011 nm, -10.5 dBm laurch)

Bob Recewer

N 4
~ e
~S_ - Quantum
Classical Photon-Pair
Channels Channel

Liang et al., OFC 2006
postdeadline paper PDP35
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Towards Applications in Embedded ATV IYAVS

Fiber Telecom Infrastructure T o e NV
5.5 ‘ .
DSF
.% S From C-band 1
Create entangled %} Classical Com
photon-pairs inthe & 4.5 Channels % ]
1310 nm band o f Y
_ "Es' .
3 4
-
=
\/'
1310 nm a—" . 1550nm__ . .
2 -15 1 05 0 05 1 1.5 2
Frequency Shift (Hz) %1072

Nweke et al., Appl. Phys. Lett. 87, 174103 (2005)
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O-band Entanglement Generation Ww W 1&)

w,

cPcc

Pulses carved from a CW laser at 50 MHz Hall, Altepeter, & PK, OpEx 17, 14558 (2009)

A, = 1305 nm
7, = 100 ps L 500 m Fiber
circ. Pv fiL — g at77 K
J‘N & . P 4 | Pol. Dep. ¢ .
7 S~ «— ‘| Delay i
90/10 PC l —ﬁ\- & J/k
Coupler <_% ) D i —y
Filter ¢ 1%
Signalat J U Idlerat
1306.5 nm 1303.5 nm
Polarization —| Filter
Analyzers

- Filter

* 1.5 nm detuning from pump
- Reduced SRS
* Potential for 10 GHz Operation

F=99.6+0.15%
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Co-existence of O-band Entanglement s Wwf\/\f»

with C-band (1550 nm) Hardware |0 iz [N
A = 1305 nm
1, = 100 ps > 500 m Fiber
P Circ. Pv J]\ > — at 77 K
ﬂ' & PH .| Pol. Dep. V4 R
« Delay
9010~ % Sy Mo
coupler ) D
Signal at | Filter ¥ ¥
1550nm | oo°MM Ty Idlerat
WDM
EDFA | ~30 m Delay
WDM ' - m D1
Pol. -
{ Analve: . > Filter A.hJ
1550 nm nafysis
>10 dB Ioss
* Filter -/
D2
Hall, Altepeter, & PK, OpEx 17, 14558 (2009)
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In / Out Spectra of the W

Classical 1550 nm Channel R A
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Entanglement Before and After EDFA WW

w,

Hall, Altepeter, & PK, OpEx 17, 14558 (2009)

Before EDFA After EDFA

No discernable
change in fidelity

Fidelity > 97%
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Source Summary and Scaling to 10 GHz o W

(!.)p

AVAY- 4

[
- «y

Pump Pulse Characteristics
— Rep rate = 50 MHz
— Typical pulse width 5 ps (about 1 nm transform limited bandwidth)
— Avg. photon # / pulse: 10’—108 for pair production prob. 1-5% in ~100 m DSF

— Typical average power ~ 0.3 mW

At 50 MHz rate, the source produces >100,000 entangled pairs / second

Scales to >20 million entangled-pairs/s at 10 GHz pulse rate

Required average pump power ~ 60 m\W

— Easily achievable with mode-locked fiber or semiconductor lasers

However, single-photon detection is still a bottleneck for developing
quantum communication applications in the telecom band

— InGaAs-based APDs can be gated only up to 10-100 MHz (long dead time)

— Faster superconducting detectors on the horizon, but still not available

Optical demultiplexing is a potential near-term solution
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Outline WV\:*W

« What is quantum communications?
* Requirements for implementing quantum communications

 Fiber-based sources of correlated / entangled photons

— Nondegenerate polarization entangled

» Ultrafast switching of photonic entanglement

— Ultrafast MUX / DEMUX of quantum data channels

* Conclusions and future outlook
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Another Motivation WV\:*W

Downconverter

» Lossless \
 Ultrafast

* No background

* Cheap

* Mass producible

& p

b.)
—
“ﬁ Single Photon Output
| B >
Laserm Single Photon Certifications
Pulse Delay Processor

Fig. 1: Migdall, Branning, and Castelletto, Phys. Rev. A 66, 053805 (2002)
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Relative Device Performance when W
Switching Polarization Entanglement IS e

Polarization Based

Waveguide, Thermal

Waveguide, Resonator

EOM, 1x2 Modulator

Sagnac Effect

MEMs

EOM, 1x2 Switch

Relative Switching Speed (dB)
(Switch Speed /100 GHz)

Acousto-Optic Modulator

Traditional NOLM

-10 0 10 20 30 40

CONONONCS NONORONONONE

Our Switch
Relative Switching Noise (dB)

(Switch Loss /1.5 dB) X (Switch PDL /0.1 dB)
X (Switch Noise /4 %107 Noise Photons per 10 ps)

Hall, Altepeter, & PK, NJP 13, 105004 (2011)
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Quantum Switch Design based on o MV
Cross-Phase Modulation (XPM) in Fiber ™ [e.-z7

Unitary evolution in absence of Raman

b(t) = a(tyexpli y L, [ P dr

Pump
— Output
é
. Switch
Switch
Input Switch Output 2
Two-Color Pump Pulses in the Output 1
C-band for Polarization
Independent Switching
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Towards Applications in Embedded ATV IYAVS

Fiber Telecom Infrastructure "o e NV
9.9 ‘ .
DSF
@ 2 From C-band *
O "
Create entangled Z£ Classical Com
photon-pairsinthe 2 4 5 Channels % ]
1310 nm band = N
B Q ! :
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5 4
-
£
\j i
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1310 nm a—" . 1550nm . .
2 15 1 -05 0 05 1 1.5 2
Frequency Shift (Hz) %1072

Nweke et al., Appl. Phys. Lett. 87, 174103 (2005)
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Switch Location for Quantum Testing WWLA\;’
N /}\—’ 5 Pv /]\—> Hall, Altepeter, & PK, NJP 13, 105004 (2011)
/‘\ Circ & P Zit
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Ultrafast Switching of Photonic o MV
Entanglement C o e VOV

Entangled State Fidelity:
TR

0.5 - 0.5~

_ Pump N 2 542 oL
, a5~ <apl
. Passively Switched Actively Switched
‘_ Switch F =99.6% F=99.4%
Switch Om::cut 5
Input Switch
P Output 1 _ Loss: Switch 0.9dB
Circulator 0.4 dB
Switching Contrast: 200-to-1 Switching Window: 850 ps (500 m); 170 ps (100m)
1.0 L T T T T l—.'._I—l.i 1.0
l. ] | ] ? =ii o
| '. L1} u = i | * . Jil
o)) . [ T o)) s * *
= = c : i
= " -500m T < o .
b " =-100mT B . —H0m
. ¢-500mR 'S . .
uga 0.5 f ¢-100mR 3 58 .
= P - . *€&—100m .
[
8 T 8 H "
E g . e % B
a . a - . .
o } e . . . - I ’. .
OlJ L L L I * voe® o * ® ‘T | i L L 1 L .J.’.
0 1.0 2.0 3.0 05 = 400 * 800 1200 1600
Pump Pulse Energy (n)) Relative Delay (ps)
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Quantum Theory of Kerr Switching WWW

O Starting Point: A general Heisenberg equation for traveling waves Drummond
Boivin, Kaertner, Haus
Chromatic dispersion, Spontaneous
propagation loss, ... Raman scattering
A (2, 1) \ v
0A;(2,T T 7. afSaut A < A~
e —ZZ U Dt — ) Ap(z, )t + /gign(z, 8) An(z, 8)

klm

+ IZ/ jum — )—l (2, )—1 (:\t');—im(:.t)dt'.
v\

Cross and self-phase modulation, four-wave mixing ...

O Result: Input/output transformation with the inclusion of quantum-noise

Linear loss Coherent transformation Ramon noise  Other quantum noise

) / |
br \ o) —r [ COSO(t) isinf(t) ay e é
( b ) 0 1sinf@(t) cosO(t) Qs T Mo T £y

Huang & Kumar, | |

NJP, to be submitted.
. 0(t) = [D1(t) — _(1)]/2
b (1) = /0 1Pyt = Lfvo+ 235) + €L PL (=t — Lo, + 232) | d

$
Output C J, Output D J,
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Probabilities

Center for Photonic Communication and Computing

-- No fitting parameter is used

Disagreement is likely due to
nonlinear loss of the pump

(currently not in n%

1.0+= T T g K
~ 2 I. ;
‘1\
LN . T
--R
L3 W 500m T
\
0.5- MW 500m R
: % ® 100m T
N ® 100m R
\m
e
e -
N, o
<° ", ‘{’."
~ \
0.0 . S MAE0 u,
0 1 2

Pump-pulse Energy (nJ)

Prob. of Trans.

Experiment versus Theory

Huang & Kumar, NJP, to be submitted.
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Spreading of Pump Pulses o W

Input pump pulses: 5 ps, 2.5 nJ

0A;(z,1)
Propagation Equation: 0z

DOA(z ) i 92A (21
= —ad;(z,1) —ﬁ,(-l) "{( “ )— i J( t)
! J ot 9 ot2

+ 2 (QPH(z,t) + qu(z,t)) Ai(z,t), for j=1,2.

SMF-28 NZDSF (Corning LEAF)
T T j T j T j 6 T T T T T T T T T T T
- - -~ Input (a) - - - - Input (b) _
—— 100 m — 100m
1 | —som 1 51 saom -
@) QO
o 2- . o
g 2 7] ‘
5 T
pr , Z ) |
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- Pump: 1550 nm, 5 ps, 2.5 nd

- Fiber: 500 m, room temperature

Quantifying Raman Noise

0.0002

Prob. of Switch Count

10 4
& 1_:
o ]
x>
T { — 1310 nm
Z 914 - 1360 M. .
--=-1370 nm| ]
1~ =+ -+ 1410 nm
0.01 P ]
1 10 100 1000

Switching window X signal

Center for Photonic Communication and Computing

spectral width
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(r)s MM)

w0, o3 [\

w,

Hall, Altepeter, & PK, NJP 13, 105004 (2011)

0.0001

T - ° ® o - * - ‘ [
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®
.
L ]
e-500m
° e-100m
L ]
° ° * ® . i & * =
L]
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

EDFA Setting (W)

Negligible Raman is
confirmed by theory, but
need more data for a
direct comparison

Huang & Kumar, NJP, to be submitted.
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Coincidence (Quantum) Eye Opening "o Wi

| il
| Op oo, |

cpcc
N\
VAV

Hall, Altepeter, & PK, NJP 13, 105004 (2011)

~100ps-wide
Quantum Eye
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Time-Domain Multiplexed o MV
Quantum Data A A

~100 ps

300 ps

EASARNECA Fidelity to [af)+|otpL) = 0.589
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Switch Output 2
Outputl

300 ps

Hall, Altepeter, & PK, PRL 106, 053901 (2011)
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Time-Domain Demultiplexing of Ultrafast o WV\:’ >
Quantum Channels |0, g2 [N

B b
|a*pL) <aﬁl
Fidelity to |aB)+|atpl) = 0.986
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Switch
Switch G 2
Output1l

Loss Current (dB)

WDMs 0.6
50:50 0.2

100m Spool 0.03

Splices 0.07
Total Output 1 0.9
Circulator 0.4
Total Output 2 1.3

With optimized components it should be possible to get the total
loss down to ~ 0.2 - 0.3 dB per switching cycle.

Japanese Journal of Applied Physics 49 (2010) 052203

REGULAR PAPER

Design and Simulation of Silicon Waveguide Optical Circulator
Employing Nonreciprocal Phase Shift

Ryohei Takei and Tetsuya Mizumoto

Graduate School of Science and Engineering, Department of Electrical and Electronic Engineering,
Tokyo Institufe of Technology, 2-12-1-53-11 Ookayama, Meguro, Tokyo 152-8582, Japan

Jpn. J. Appl. Phys. 49 (2010) 052203

an Insertion loss below 0.05dB. Also, the three-port
optical circulator exhibits a crosstalk below —20dB with
an insertion loss below (0.04dB in a wavelength range
between 1.53 and 1.57 pm. The total length of both types
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CPCC

Another Perspective: o WV
A Deterministic CNOT Gate T o e N

Hall, Altepeter, & PK, PRL 106, 053901 (2011)
2-photon 5-qubit
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On the idler photon, the temporal qubit acts as the control
qubit and the spatial qubit acts as the target qubit.
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Conclusions / Future Outlook W’W

 Fiber-based nondegenerate entangled photon-pair source

— Potentially field deployable source demonstrated with standard off-the-
shelf telecom components

— Demonstrated a practical source of Q-band (1310 nm) entanglement

— Q-band entanglement survives robustly in active C-band (1550 nm)
hardware

« XPM based switching platform for Q-band entanglement

— First results on high fidelity switching of Q-band entanglement

— Potentially very low loss (< 0.2-0.3 dB per switching cycle)

— Potentially very high speed (10-100 GHz)

— Demonstrated high-speed MUX / DEMUX of quantum data pattern

* Practical short-term (10’s to 100’s us) quantum buffers, single-
photons on demand, a practical near-term reality.
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