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Algorithm 1 Photon emission in MSM setting

Require: Interval of emission specified by the EPPSTimingNotification: interval
0: function EMIT_PHOTONS_MSM(interval)

photon_index - photon_index + 1

0:  if There exist initialized memory qubits then

0 Emit photon from one of the memory qubits
0: end if
0
0

4

Call EMIT_PHOTONS MSM(interval) after waiting for interval
: end function=0

Algorithm 2 Handle the click result (BSM result)

Require: BSM success result: success, BSM correction operation: correction, Memory
qubit which emitted photon for this BSM: qubit

0: function HANDLE_CLICK_RESULT(success,correction,qubit)

0: if success then

0 successmap [photon_index] < qubit, correction

0: else

0: Reset qubit

0

0

0:

end if
Send (success, correction, photon_index) to partner
end function=0

Algorithm 3 Handle incoming classical messages
Require: Partner BSM success result: success, Partner BSM correction operation:
correction, Photon index the partner performed BSM with: photon_index
: function HANDLE_MSM_RESULT(success, correction, photon_index)
if found photon_index in success_map then

self_correction < success_map[photon_index].correction

qubit - successmap [photon_index] .qubit

if success then

if correction = self_correction and parnter_address <

self_address then
0 Apply Pauli Z Gate to qubit
0 end if
0 Save Bell pair information
0 else
0: Reset qubit
0
0
0

e

end if
end if
. end function=0
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Call EMIT_PHOTONS_MSM(interval)

1 of Bell pairs are created]

PhotonicQubit PhotonicQubit

Bell state measurement

SingleClickResult (Contains success, correction, qubit)
—

Call HANDLE_CLICK_RESULT(success, correction, qubit)

MSMRESULT(Contains succ

Bell state measurement

SingleClickResult (Contains success, correction, qubit)
—_—

Call HANDLE_CLICK_RESULT(success, correction, qubit)

cess, correction, photon_index)

MSMRESULT(Contains succ

cess, correction, photon_index)

Call HANDLE_MSMRESULT(success, correction, qubit)

D

StopEPPSEmission

Call HANDLE_MSMRESULT(success, correction, qubit)

-

StopEPPSEmission
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the figure illustrates the entanglement swapping sequence used in our simulations.
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Figure15: Optical system, analog and digital control systems corresponding to the red portions of Fig. 14. FBS, fiber beam splitter.

FPBS, fiber polarizing beam splitter. ODL, optical delay line. Pol. comp., polarization compensator. Pol. sel,, polarization selector. SHG,
second harmonic generation (frequency doubler). SNSPD, superconducting nanowire single photon detector. SPDC, spontaneous

parametric down conversion. SW, switch.
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Figure16: Real part of the reconstructed density matrix O a;a,
, characterizing the entangled pairs of photons produced at
node A. This shows clearly that entangled pairs with opposite
polarizations are produced with high probability (high fidelity).
For this data, photon A, is measured before being sent to the
switching BSA node.
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1.11 Repeater Graph State Designs

A repeater graph state (RGS) is a special form of
entangled quantum state designed to be tolerant of
loss of quibts in the graph state [15]. This tolerance
makes it attractive for communications. One of the
biggest challenges in quantum communications is
the need for round-trip messaging to signal success
or failure of entanglement creation. If RGS can be
leveraged effectively, then those round-trip delays can
be eliminated and the rate of entanglement generation
could be boosted substantially. Ideally, the RGS would
be generated using only single photons entangled as
they are emitted by some system. However, an RGS is

extremely challenging to make.

Figure17: Rodney Van Meter, Naphan Benchasattabuse and
Marcello Caleffi (IEEE QCE 2024 Communications Track

program chair). Our RGS paper was awarded Best Paper

Second Place.



In 2024, we proposed a new emitter-photonic qubit number of emissive quantum memories required for

building block and an RGS protocol that addresses end nodes and seamlessly integrates all-photonic and
several key considerations: end node involvement memory-based repeaters under the same communication
in connection establishment, decoding of logical protocol. We also present an algorithm for decoding
qubits within the RGS, and computing the Pauli frame logical measurement results, employing graphical
corrections at each participating node to ensure the reasoning based on graph state manipulation rules.

desired correct endto-end Bell pair state [16]. Our

proposed building block significantly reduces the total The IEEE Quantum Week paper in which these results

Step 1: Repeater graph state source (RGSS) Step 2: Advanced Bell state analyzer (ABSA)
creates the RGS. splices two RGS together.

om right RGSS

jght ABSA

Towards T B
S

BSA ﬂfq

From 1

Mz

Towards left A

Mz

Branching P (2,3) Mz measurement removes the R
. ster b= (4¢ . ..
parametel as well as its incident edges.

Step 3: End-to-end connection is established.

Mx oo
o—-/j\éx\o_o //@
Mx Mx

M x measurement removes the s
and creates an edge between its neighbors.

Mz measurement of the inner qubit: Indirect Mz measurement of the inner qubit:

failed direct measurement

indirect
measurements

success fail fail

Figure18: An overview of the RGS scheme. The three steps shown here have corresponding actions to the memory-based repeater
scheme, where inner encoded qubits correspond to the memories while outer qubits correspond to the emitted photons. RGS
generation in step 1 (at RGSS) mirrors the entanglement swapping of quantum memories but without actually choosing which inner
qubits will be paired up. Step 2 (at ABSA) illustrates the link-level generation process through the BSM between each pair of outer
qubits. The Z measurement on inner qubits in step 2 and the X measurements in step 3 signify the choosing of which pairs are
swapped. Logical measurement of inner qubits in the Z basis is depicted at the bottom. The Z and X labels inside the blue physical
qubits indicate the actual physical measurement bases. For logical X measurement, the Z and X measurement bases of physical qubits
are swapped. The indirect Z basis measurement of a physical qubit in the tree encoding is shown in the bottom right. If a direct Z
measurement on a qubit fails due to photon loss, the result can still be inferred from the eigenvalue parity of qubits within any of the
dotted triangles.
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were presented received the Best Paper Second Place

Award on the Communications track (Fig. 17).

The RGS is made of 2m inner qubits, forming a complete
graph, and 2m outer qubits, linked to an inner qubit, as
depicted in Fig. 18. This complete graph of inner qubits
encodes the entanglement swap, and is done before the
RGS are sent out to the measurement devices generating
the link-level entanglement, thus it is considered a “time-

reversed” procedure.

Some of the advances in our work are shown in Fig. 19,
depicting the use of the Repeater Graph State Source
(RGSS) and Advanced Bell State Analyzer (ABSA) nodes.

Additional engineering work showing how to reduce the
classical communication cost be orders of magnitude

was published in IEEE Network[17].

$2E Society & Education

In 2024, WIDE members Rodney Van Meter and Michal
HajduSek supervised the creation of an online course on
quantum entrepreneurship, created by Kanetaka Maki
and his team at Waseda University. This course is part
of the Quantum Academy of Science and Technology
*7 funded by the government’s Q-Leap program

administered by JST *®.

This course follows on from our prior courses, ”
Overview of Quantum Communications”, "From Classical
to Quantum Light”, and "Quantum Internet”. These first
three courses are available on YouTube™? as well as the
limitedaccess learning management system available to

students of selected universities.

In 2025, we expect to release an introductory quantum

bl +1

Figure19: Prior to our work, RGS was understood mostly as an abstraction. Our work proposes specific node roles and actions that

will implement RGS. This figure shows architectures supporting the RGS scheme where the photonic states generated at end nodes

are different. (a) The architecture proposed in [20], where end nodes require m emissive memories for each trial, along with rm idle

memories that have already been utilized in prior trials and are awaiting messages from all ABSAs. (b) Proposed architecture, featuring

end nodes equipped with half-RGS building blocks. In this setup, end nodes require |B\+1 quantum emitters (where |b| represents

the depth of the tree encoding plus one), while reserving r memories awaiting notification messages from prior trials. Purple circles

with black borders represent the quantum emitters utilized in the current trial. Purple circles with colored borders in both (a) and (b)

indicate idle memories awaiting messages from ABSAs, with the same colors denoting memories participating in the same trials.

*7  https://qacademyjp/
*8  https://www.jst.gojp/stpp/q-leap/en/index.html
*9  https//www.youtube.com/c/QuantumCommEdu



optics laboratory course. filmed in the laboratory where

the Q-Fly described above is being conducted.

At Keio University's Shonan Fujisawa Campus, Prof.
Van Meter taught the new undergraduate course ”
Quantum Internet” for the second time in fall 2024. We
believe this is the first course on quantum Internet for

undergraduates anywhere in the world.

In November, 2023, HajduSek and Van Meter released
a draft of their undergraduate textbook Quantum
Communications under a Creative Commons license ™ '°.
We are currently negotiating with a major international

publisher to produce a print edition of the book.

Throughout 2024, Van Meter continued to serve the
community as Editor in Chief of IEEE Transactions on
Quantum Engineering. His firt three-year term ends in
March 2025, and he may be reappointed for a second

term.

% 3E Quantum Computation

In quantum computation, WIDE members work
mostly on system software and concepts: debugging
and software engineering practice; compilers and
compilation techniques for both NISQ and fault-tolerant
quantum computers; and error management techniques.
We also conduct some algorithms research and

development.

In fall 2024, Prof. Van Meter’s student Sara Metwalli
of SFC’s Graduate School of Media Design completed
her Ph.D. work with a thesis titled A Suite For Testing
and Debugging Quantum Programs “''. This may be
the world’s first Ph.D. thesis on debugging quantum
programs, and represents a significant contribution to

the emerging field of quantum software engineering.

To debug quantum programs, we begin by slicing a
circuit into pieces with a particular characteristic impact
on superpositions. The following three categories cover

the possible behavior:

« Amplitude-Permutation (AP) Blocks permute the
amplitudes of quantum states. These circuits mimic
the operation of reversible classical logic within
the quantum realm. Hence, only rearranging the
amplitudes associated with the quantum states without
redistributing them or altering their phases. An
example is a quantum adder or Grover’s oracle. Those
blocks are essentially classical reversible logic [18].
Mathematically, for set of states «;1j>, an AP block can
be defined as

ol = > angli). @
J J

Where IT (j) is a permutation function. A permutation
matrix has exactly one 1 in each row and column. An

example of a 2-qubit AP block unitary is

2)

S O = O
o O O
o= O O
= o O O

» Phase-Modulation (PM) Blocks Quantum circuits that
focus exclusively on altering the phases of quantum
states without changing their amplitudes. The primary
function of these circuits is to introduce phase shifts
based on values of certain qubits. Mathematically, for

set of states «;1j>, a PM block can be defined as
> oaili) = > e D). 3)
J J

where f(j) is a function that calculates the phase shift
of a state 6;, f(j) € R. The unitary of a PM block will be

a diagonal matrix D with D, =¢e"™ .

10 https://arxiv.org/abs/2311.02367
*11  https://aqua.sfc.wide.ad jp/publications/thesis_sara_arvix.pdf
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« Amplitude-Redistribution (AR) Blocks Unlike the
Amplitude-Permutation Circuits, these circuits
redistribute the amplitudes across various quantum
states, thereby harnessing the full potential of quantum
superposition and entanglement. An example of an AR
block is the Quantum Fourier Transform (QFT). An AR
block contains gates that alter interference patterns
and create or destroy superposition. AR blocks can be

represented as
Dol =y il @
J J

Where o; =%, U;,a,. Here, U is a unitary matrix applied

to the qubits.

Once that category has been determined, each slice can
be debugged independently. AP blocks can be debugged
classically, both because such blocks are known to be
efficiently simulatable in quantum systems and because

they can be debugged one amplitude at a time.

For Phase-Modulation blocks, two common errors will
be (a) applying the correct phase shift to the wrong
qubit, and (b) applying the wrong phase shift to the right
qubit (including omitting a needed gate). (For simplicity,
we omit controlled phase gates here.) Test vectors need
to be prepared to help us distinguish these two cases.
For example, the unitary for a three-qubit phase slice is

shown in Figure 20.

Figure20: The unitary for a three-qubit phase slice. The
colored boxes delineate terms affected by errors in the high-
order (red), middle (blue), and low-order (green) qubits.

These likewise can be tested and debugged relatively

efficiently.

This leaves only AR (amplitude redistribution) blocks as
the difficult case. Such blocks can be tested in part using
hand-built test cases with simple structure to test much

more complex, general blocks.

%45  Publications

« Journal Papers (2024)

- N Benchasattabuse, M Hajdusek, R Van Meter,
“Engineering Challenges in All-photonic Quantum
Repeaters”, IEEE Network, 39(1), Jan. 2025. doi:
10.1109/MNET.2024.3411802

- SA Metwalli, R Van Meter, “Testing and Debugging
Quantum Circuits” [EEE Transactions on Quantum
Engineering, 5, 2500415, Mar. 2024. doi: 10.1109/
TQE.2024.3374879

« Invited Paper (2024)

- Shota Nagayama, Toshihiko Sasaki, Akihito Soeda.
“Backcasting Perspectives on Services of Future
Quantum Internet.” 2024 IEEE International
Conference on Quantum Software (QSW),
Shenzhen, China, 2024, pp. 12-18, doi: 10.1109/
QSW62656.2024.00015.

« Invited Talks (2024)

- Shota Nagayama. “Quantum Network Systems and
Testbed efforts in Japan.” To appear in The 4th
Workshop on Quantum Repeaters and Networks.
Sep. 2024.

- Shota Nagayama. “Backcasting Perspectives
on Services of Future Quantum Internet.” IEEE
Symposium on Quantum Software: Towards
Quantum Utility in the NISQ Era (QSWUtil). Jul.
2024.

- Rodney Van Meter, “Networks for Modular Quantum

Systems,” Siam Quantum Science and Technology,



Krabi, Thailand, Dec. 2024, keynote.

- Rodney Van Meter, “Quantum Networking Gets Real,”
Chulalongkorn University, Bangkok, Thailand, Dec.
2024.

- Rodney Van Meter, “Quantum Networking Gets Real,”
Mahidol University, Bangkok, Thailand, Dec. 2024.

- Rodney Van Meter, “Networks for Modular Quantum
Systems,” Southeastern Quantum Conference 2024,
Knoxville, TN, USA, Oct. 2024.

- Rodney Van Meter, “Quantum Networking Gets Real,”
Universite Savoie Mont Blanc, Sept. 2024.

- Rodney Van Meter, “Data Center Quantum Networks:
From Experiment to System,” American Physical
Society March Meeting, Minneapolis, MN, USA, Mar.
2024.

- Rodney Van Meter, “Quantum Networking Gets Real,”
Lawrence Berkeley Laboratory, Berkeley, CA, USA,
Feb. 2024.

« International Conferences with Proceedings (2024)

- Yoshihiro Mori, Toshihiko Sasaki, Rikizo Ikuta,
Kentaro Teramoto, Hiroyuki Ohno, Michal Hajdusek,
Rodney Van Meter, & Shota Nagayama. “Scalable
Timing Coordination of Bell State Analyzers in
Quantum Networks,” 2024 IEEE International
Conference on Quantum Computing and Engineering
(QCE), Montreal, Canada, 2024, pp. 1890-1896, doi:
10.1109/QCE60285.2024.00218.

- Kento Samuel Soon, Naphan Benchasattabuse, Michal
Hajdusek, Kentaro Teramoto, Shota Nagayama,
& Rodney Van Meter. “Performance of Quantum
Networks Using Heterogeneous Link Architectures,”
2024 IEEE International Conference on Quantum
Computing and Engineering (QCE), Montreal,
Canada, 2024, pp. 1914-1923, doi: 10.1109/
QCE60285.2024.00221.

- Marii Koyama, Claire Yun, Amin Taherkhani, Naphan
Benchasattabuse, Bernard Ousmane Sane, Michal
Hajdusek, Shota Nagayama, & Rodney Van Meter.
“Optimal Switching Networks for Paired-Egress
Bell State Analyzer Pools,” 2024 IEEE International

Conference on Quantum Computing and Engineering
(QCE), Montreal, Canada, 2024, pp. 1897-1907, doi:
10.1109/QCE60285.2024.00219.

- Kento Samuel Soon, Michal Hajdusek, Shota
Nagayama, Naphan Benchasattabuse, Kentaro
Teramoto, Ryosuke Satoh, & Rodney Van Meter.
“An implementation and analysis of a practical
quantum link architecture utilizing entangled photon
sources.” IEEE International Conference on Quantum
Communications, Networking, and Computing
(QCNC) 2024, Kanazawa, Japan, Jul. 2024, pp. 25-
32,DOIL: 10.1109/QCNC62729.2024.00014.

« Panel Discussions (2024)

- (invitee) “Quantum Network Testbed Work in Japan.”
The 4th Workshop for Quantum Repeater Networks.
Sep. 2024.

- (invitee) “Quantum Network Testbed Panel
Discussion.” To appear in IEEE QCE 2024. Sep. 2024.

« Birds-of-a-Feather (BoF) Organization (2024)

- Sho Morishita, Yusuke Nagato, Konomi Higo, Kentaro
Teramoto and Shota Nagayama. “Quantum Quest:
Dialogue and Exploration of Quantum Governance
Through a Card Game.” IEEE International
Conference on Quantum Computing and Engineering
(QCE) 2024. Sep. 2024. BoF Abstract.

- Shota Nagayama, Rodney Van Meter, Wenji Wu and
Inder Monga. “What Makes Quantum Networks?
A Quantum Network Protocols 'Perspective:
From Physical Layer to Application Layer.” IEEE
International Conference on Quantum Computing
and Engineering (QCE) 2024. Sep. 2024. BoF
Abstract.

« Submitted / Pre-prints / In Progress (2024)

- Daisuke Sakuma, Amin Taherkhani, Tomoki Tsuno,
Toshihiko Sasaki, Hikaru Shimizu, Kentaro Teramoto,
Andrew Todd, Yosuke Ueno, Michal Hajdusek,
Rikizo Ikuta, Rodney Van Meter, & Shota Nagayama.

“An Optical Interconnect for Modular Quantum

WIDE

77



78  WIE

Computers.” arXiv preprint arXiv:2412.09299,
2024.

- Fumiyoshi Kobayashi, & Shota Nagayama. “Erasure-
tolerance protocol for the surface codes on Rydberg
atomic quantum computers.” arXiv preprint

arXiv:2404.12656, 2024.

« Talks in Symposiums (2024)
~ Shota Nagayama. “A 77— 7))L TN 75 G &+
WEY AT L h—ryay FEHE6 RS Y RY
v 1.2024. 2024/03/25.

- Contributions to Books (2024)
- IKIFIR. B A R =3y N B A U Z—Fy
FEE2024 ), &1 > T L A, Feb. 2024.

» Workshops, Conferences Without Proceedings &

Posters (2024)

- Amin Taherkhani, Kentaro Teramoto, Andrew
Todd, Rodney Van Meter, & Shota Nagayama. “A
Scalable Framework for Automation of Quantum
Network Experiments,” 2024 IEEE International
Conference on Quantum Computing and Engineering
(QCE), Montreal, Canada, 2024, pp. 624-625, doi:
10.1109/QCE60285.2024.10436.

- Michal Hajdusek, Rod Van Meter, Monet Tokuyama,
Akihito Soeda, & Shota Nagayama. “Timing regime in
Quantum networks.” IETF119 QIRG. Mar. 2024.

- Rodney Van Meter, Ryosuke Satoh, Makoto Nakai, &
Shota Nagayama. IETF119 QIRG. Mar. 2024. (Brief

report/session)

« Domestic Activities in Japan (Academic) (2024)
KA. RFBEOC Y 3 > EEHREEE R T
22—y a Y AT L(CS)WFEL, Jan. 2024.



