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Early introduction of quantum
networking is particularly
important given the scalability
issues in current quantum

Quantum processors.
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Classical bit: 0 or 1

Error-free communication
below channel capacity

Bob

JEC A LN B

The Bit Player

A Film by Mark A. Levinson =)
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Quantum bit:

w)=al0)+ A1)

- v)=a]0)+ A1)

Conflict with Quantum Mechanics

* Heisenberg uncertainty principle

* No-cloning theorem — ltis impossible to know a
— It is impossible to duplicate an quantum state

unknown quantum state
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Transmitter T and Receiver R share entangled qubits
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Teleportation protocol bypasses the conflicts with QM, but
requires ubiquitous availability of entanglement

Bennett ef al. 1993
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« 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 qguantum 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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NISQ (Noisy Intermediate Scale Quantum) technology is

already here
— IBM quantum experience (widely successful as a teaching tool)

— Similar access by others as well (D-Wave, Google, ...)
Small scale quantum computers will be commercially

available in not-too-distant future
— “Quantum advantage” on the horizon, although a moving target

— Once in “discovery zone,” all bets are off
— How to verify? Experimentation on small systems (chemical,

optimization, etc.) will build confidence
* Vendors will not stop at building one
— Networking them would be the natural next step; that's what
happened with classical networking
Network m n-qubit machines: m x 2" vs. 2™ ?
— Classical networked computing can teach us a lot
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Quantum leaps

China’s Micius satellite, launched in August 2018, has now validated across arecord 1200 kilometers the
“spooky action” that Albert Einstein abhorred (1). The team is planning other quantum tricks (2-43.

1. Spooky action
Light-altering crystal Micius Entangled photons were
creates entangled {BO0-krn altitude} sentto separate stations.
photon pairs. e Measuring ore photon's
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3.Quantum teleportation

Micius will send ore entangled - i

§ e Phase stable Type-Il SPDC in a pol. Sagnac loop
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Yin et al., Science 356,
1140-1144, June 2017.

Normallzed counts

Bell inequality violation =‘¥
over 1200 km Pi @ — | = Polarization angle (degrea)
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SCIENTIFIC REPORTS |6:25603 | DOI: 10.1038/srep25603 (2016)
UFEN" The photon pair source that
‘survived a rocket explosion

Zhongkan Tang?, Rakhitha Chandrasekara?, Yue Chuan Tan?, Cliff Cheng?, Kadir Durak® &
. Alexander Ling™?

Z. Tang, Ph.D. Thesis
National University of Singapore (2018)
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Figure 5.4: (a) GomX-2 CubeSat (without the solar panel) with SPEQS1.1-CS highlighted g 5 4r
in red box (b) GomX-2 CubeSat after recovering from the explosion. Images courtesy of Eg 3r
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Building the Foundations for Quantum Industry | NIST

https://www.nist.gov/news-events/events/2017/10/building-foundations-quantum-industry
Organized by Jake Taylor at NIST Gaithersburg, 05 October 2017

* How would we architect the quantum internet?
— Would it have a layered structure like the classical network?

— How would those layers be determined? Would entanglement distribution
be a separate layer?

— How would quantum channels and classical channels co-exist? After all,
classical communication is an integral part of quantum communication;
quantum teleportation requires it!

 How would we control and operationalize it?
— How to share common quantum channels among the users?
— What's the best way to distribute entanglement to various users?

— Would there be entanglement factories that the users can subscribe to?
Would there be quantum ISPs?

— What about the quality of service? How would we measure it?
— What about software and algorithms to manage the quantum network?
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|||II'IDI5 Express Quantum Network (IEQNET) - Metrﬂpnlltan Scale

Experimental Quantum Network
Research team leads:

Fermilab: P. Spentzouris (Pl), C. Pena, W. Wu, S. Xie The IEQNET collaboration m
Argonne: R. Kettimuthu, J. Chung

Caltech: M. Spiropulu, N. Lauk, R. Valivarthi mgﬂmea ﬁ (_al[e-::h ﬂmf&;m;}“f“
Northwestern: P Kumar. G. Kapter —~ —&g

|-:__. HYPER Nuffypt

e 22021 IEQNET Collaberation
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Most quantum networking
demonstrators focus on
point-to-point or linear
topologies

There is great need to
develop architectures for
fully dynamic and
automated quantum
networks using existing
technologies to
demonstrate multi-user,
multi-node capabilities at
metro scales that go
beyond linear topologies

Motivation (Circa 2019): T

o WU Y

Repeaterless Metro-Area Quantum Network = o=

Ty
c:tyHauh '\\2

(Charlie) \\\

ORNL Quantum Local
Area Network =
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[1] Y. A. Chen et al., “An integrated space-to-ground quantum communication
network over 4,600 kilometres,” Nat. 2020 5897841, vol. 589, no. 7841, pp.
214-219, Jan. 2021.

Center for Photonic Communication and Computing CQuERE Kolkata | 31 Mar 2025 | Slide 16  McCormick School of Engineering and Applied Science



ﬁ?&%‘iﬁ‘f&iﬁ‘éf - IEQNET Topology

OF ENGINEERING

rl Q-node1 ]I

ANL’s Q-LAN

:’ ____________________ y ‘ Quantum e g
' . ' Q-MAN Switch Metropolitan Q-MAN Switch | : :
E Q-LAN Switch ! (FNAL) Area Network (Starl.ight) I Q-LAN Switch :
L ) . (Q-MAN) | L ) :
1 I & 1 :
: 1 ! 1
: 1 g 1
i 1 ! I
- : \ : :
I .
! EPS1 Q-node1 | Q-MAN Switch E Q-node1 EPS2 :
: : (ANL) ! l
1 ! 1
. 1 ! I
' [ Q-node2 ] : | i I Q-node2 | :
: _ : 1 — - 2, ! :
1 ! 1 i 1
:\ FNAL’s Q-LAN E 5 Q-LAN Switch E ' NU’s Q-LAN ’:
____________________ e : : e e i i e e it Pt ™S V¥ i e kit Vot e T P
! 1
Fermilab 5 : Northwestern
l - -

| ! University

| ;

! 1

1 1

! 1

! I

1 1

\

Argonne

J. Chung, G. Kanter, N. Lauk, R. Valivarthi, W. Wu, R. R. Ceballos, C. Pefia, N. Sinclair, J. Thomas, S. Xie, R. Kettimuthu, P. Kumar,
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@IEEE Transactions on
uantumeEn glneerlng Chung et al.: DESIGN AND IMPLEMENTATION OF THE ILLINOIS EXPRESS QUANTUM METROPOLITAN AREA NETWORK

Vol. 3, 4100920 (2022) | Digital Object Identifier 10.1109/TQE.2022.3221029
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Townsend, EL 33, 188 (1997); Nweke et al., Appl. Phys. Lett. 87, 174103 (2005)
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Weak Quantum Signal Quantum + noise . . i i
—— Without careful engineering, either:

ot . Optical Fiber Viae 1. Limited classical power levels (i.e., capabilities)

g i) 2. Decreased quantum fidelities
Classical Signal

1. Wavelength assignment based on Raman noise spectrum 2. Narrow spectral-temporal filtering
Normalized Raman Counts vs Quantum Signal Detuning
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1. Time Synchronization

1310 nm classical clock light coexisting with
1536 nm photon pairs for picosecond
synchronization over 59 km

INET/IEQNET
@E‘.’;ﬁ q‘ ﬁFNAL-FCC% FQ / EQ !
y A

S

@#FNAL-DAB /
@

Fig. 1: This image depicts the separation of the nodes in our network. FNAL-FCC and FNAL-DAB are connected with 2 km
of dark fiber and FNAL-FCC and ANL are connected with 57 km of dark fiber. We keep our master clock at FNAL-FCC,
and distribute the signal to FNAL-DAB and ANL, choosing the path via an optical switch located at FNAL-FCC. The FNAL
nodes are depicted by the blue rectangles and the ANL node is depicted by the red rectangle.

[EEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. XX. NO. XX, MONTH YEAR 1

Picosecond Synchronization System for the
Distribution of Photon Pairs through a Fiber Link
between Fermilab and Argonne National

Laboratories

2. O-band Quantum Networking Beyond Dark
Fiber

Coexistence with milliwatt power C-band classical light
over >45 km fiber using O-band quantum entangled
photons

Entangled Photon Pair Source

O-band ASE
(Basis Alignment Signal)

1300 nm pump
416.7 MHz, 80 ps

L

.

5.4 km

L
* ¢ FPC

”

Tunable BPF
282 nm-1318
Installed (1282 nm-1318 nm) .

s - f . Standard
£ % Tagger
IR Tunable BPF !

5 3 PpC
(1282 nm-1318 nm) FP(

SNSPD

SNSPD
OSA

Designing Noise-Robust Quantum Networks
Coexisting in the Classical Fiber Infrastructure

JORDAN M. THOMAS!”', GREGORY S. KANTER!”, AND PREM KUMAR!2
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Optimal channels nearly
identical to dark fiber

1= *—-1287 nm (dark) 0.5 4
—%—-1313 nm (dark)
—*— 1287 nm (14 dBm) 0.25 |
1—=— 1287 nm (16.2 dBm)
—6— 1287 nm (18.1 dBm)
—#*— 1313 nm (14 dBm)

|—=—1313nm (16.2 dBm)
—— 1313 nm (18.1 dBm)

0.85

| . . Higher noise channels
0 100 200 300 are significantly more

0.8

Coincidence count rate (ccps) impacted

O Using the optimal quantum channel and narrow spectral-temporal filtering,
>95% fidelity to the nearest Bell state is achieved with >18 dBm C-band power.

[2304.09076] Designing Noise-Robust Quantum Networks Coexisting in the Classical Fiber Infrastructure (arxiv.orq)
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Quantum Classical Quantum Classical
A+ i A+ i
1
Classical i :
1
Ix ' classical by-pass ¥ Classical Rx
W ( 0‘ BOb
Alice " Bell state o
[$)a = a|0) + B[1) “*o, measurement Entangled Pair
Source
Transfer Alice’s
qubit to Bob

Alice’s quantum state is transferred over the distance L=L, + L,
Classical signal propagates the full fiber length L
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Quantum Teleportation Systems Coexisting with
Conventional Classical Communications in Optical Fiber

JORDAN M. THomas!", Fel I. YEH?, JIMm HAO CHEN?, JOE J. MAMBRETTI?, SCOTT J. KOHLERT?,
GREGORY S. KANTER'?, AND PREM KumaAR'”
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Quantum Classical
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M PPLN °

400 Gbpsat | | A& Alice
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Ciena Wavelogic 5 | FPC VDL
Nano 400ZR | COCNN |

/Quantum state transfer distance = L, + LED

Classical link distance = 48 km + Ly + Lgc

P ]

: DWDM !
2 (1300) !
: c ]

\Coexistence = Lac+ Lge )

Center for Photonic Communication and Computing

Pulse width = 65 ps
Rep. rate = 500 MHz
Mean generated photon pairs/pulse
Alice p,=0.018
Bob pg=0.013
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4-fold coincidence fringe as Bob rotates his Fidelities of Bob’s qubit to Alice’s ideal state,
polarization basis for Alice transmitting: measured via quantum state tomography
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Quantum Teleportation Over Optical Fibers Carrying Th.C.3.7
Conventional Classical Communications Traffic
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Entanglement distribution over 15 km to Charlie Teleportation requires high visibility
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Hong-Ou-Mandel Interference over 30.2 km
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4-fold coincidence fringe as Bob rotates his
polarization basis for Alice transmitting:
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Quantum Wrapper
Networking

A collaboration with
Prof. Ben Yoo, UC Davis

Center for Photonic Communication and Computing CQuERE Kolkata | 31 Mar 2025 | Slide 32 McCormick School of Engineering and Applied Science



Northwestern

McCORMICK SCHOOL
OF ENGINEERING

QLAN1: Quantum
Computing Clusters

cpcc
Quantum Wrapper Networking o W/~

W
DAT,?GRAMS Network Control & Management

onWDM  DCC . A ‘

. QLAN4: Quantum

sy

-
Cd
PP _-Bit

Secure Users

QLAN3: Quantum
emory Clusters

Quantum Wrapper

Switch Routers
QLAN2: Quantum

Sensor Clusters

-
~—
- /
-~
- ~

- —

- \ /

Qua -~ /

-~ \
-~ N\ /
-~
-

-
~

AU | ~“Payload o |
(Classical (Qbits) jhias = cal Quantum.__ £2-7 QWSR atthe 35 QWSR atthe
Bits) Bits) — -
Network b -.Core ‘1Y Edge
~_

Client Nodes ~  ~~==e.__ am
Pre- |Label - ) e of Quantum| Quantum Data Type of Parity Bits for
Priorit yp yp y
amble |(Circuit ID) @ D""a'“‘""Ir Application Format | Entanglement| @S | TS| orror estimate (Chks)

Center for Photonic Communication and Computing CQuERE Kolkata | 31 Mar 2025 | Slide 33  McCormick School of Engineering and Applied Science



LPCC

~

(ON

Northwestern L
Quantum Channel Monitoring SO

McCORMICK SCHOOL
OF ENGINEERING

Demonstration of Quantum Channel
Monitoring via Quantum Wrappers
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Electronic-Photonic

Quantum Integration
iIn Zero-Change CMOS

A collaboration with
Prof. Milos Popovi¢, Boston University
& Prof. Vladimir Stojanovic, UC Berkeley
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* Quantum networking presents unique engineering challenges that are
beginning to be addressed

Developed an architecture for fully dynamic and automated quantum network
services that utilize existing technologies to demonstrate multi-user, multi-
node capabilities at metro scales. Architecture capable of incorporating new
device technologies as they are developed.

Basic quantum network services like teleportation requires classical
communication along with quantum signaling. Therefore, must address
classical/quantum coexistence.

Pairwise synchronization is much more challenging and may require optical
clock signals to copropagate with quantum signals.

Introduced Quantum Wrapper networking protocol for qubit transport over a

conventional optical network. Much more work is needed in this direction for
inferring the health of qubits as they flow through the network. Qumodes can
be handled in a similar way.

Developing monolithic quantum electronic-photonic systems on chip for
ubiquitous availability of quantum entangled sources and detectors.
Tremendous efforts underway worldwide in this direction.

Quantum transduction and repeater technologies are needed for extending
the reach of quantum networks.
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| have only touched the tip of the proverbial iceberg.
There is a lot going on in the quantum space at
Northwestern, and other institutions in the greater
Chicago area. Our Governor J. B. Pritzker is a great
fan of the Quantum! He along with City of Chicago
and the Cook County have announced big plans for

Quantum in the Chicago region.
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Northwestern Make no little plans; they have no magic
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OF ENGINEERING to stir men's blood (circa 1890)

Former South Works Site Could Become Quantum
Computing Campus By 2027, Officials Say
(blockclubchicago.org) July 25, 2024
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