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Why Do We Need Another Simulator?

e Entanglement routing research increasingly complex
e Difficult to evaluate full network behavior at scale with current simulators
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What we need:

e Joint evaluation in a single simulation environment
e Study entanglement distribution as a network system



Goal of MQNS

def build_network(route_algo: Any, t_cohere: float) —> QuantumNetwork:

# b = NetworkBuilder(route=route_algo, timing=TimingModeSync(t_ext=t_cohere / 2, t_int=t_cohere / 2))
b = NetworkBuilder(route=route_algo)

b.topo(
channels=[
(ST, RIS
({(»$1%, “MR5Y),
(("R5", "R2"),
(("R1", "R2"),
({Hs28, RaY,
(("R2", “R3"),
(("R3", “R4"),
(("Ra", "D1"),
((“R3", “D2"),

1,

L_S1R1,
L_S1 RS,
L_R5_R2,
L_R1_R2,
L_S2_R2,
L_R2_R3,
L_R3_R4,
L_R4_D1,
L_R3_D2,

CAP_DEFAULT),
CAP_DEFAULT),
CAP_DEFAULT),
CAP_DEFAULT),
CAP_DEFAULT),
CAP_DEFAULT),
CAP_DEFAULT),
CAP_DEFAULT),
CAP_DEFAULT),

fiber_alpha=FIBER_ALPHA_DB_PER_KM,

eta_d=ETA_D,
eta_s=ETA_S,

entg_attempt_rate=ENTG_ATTEMPT_RATE,

frequency=MEMORY_FREQUENCY,

init_fidelity=INIT_FIDELITY,

p_swap=P_SWAP,
t_cohere=t_cohere,

)

b.proactive_centralized (mux=SC.mux)

for flow in SC.install_j

b.path(flow)

return b.make_network()

Challenges:

paths:

install_paths=[RoutingPathSingle("S1", "D1", swap=SWAPPING_POLICY)],
mux=_mux_buffer_space(),
route_algorithm=DijkstraRouteAlgorithm(),

install_paths=[
RoutingPathSingle("S1", "D1", qubit_allocation=QubitAllocationType.DISABLED, swap=SWAPPING_POLICY),
RoutingPathSingle("S2", "D2", qubit_allocation=QubitAllocationType.DISABLED, swap=SWAPPING_POLICY),
1,
mux=_mux_statistical(),
route_algorithm=DijkstraRouteAlgorithm(),

install_paths=[RoutingPathMulti("S1", "D1", swap=SWAPPING_POLICY)],
mux=_mux_buffer_space(),
route_algorithm=YenRouteAlgorithm(k_paths=2), # number of paths. Default is 3.

Photon-level simulation, density matrix, state vector is slow
Lack of technology maturity, process uniformity, standards




Design Approach

Architecture-agnostic

- Does not assume a
specific quantum network
architecture

Protocol-stack agnostic

- Does not adopt layered
modeling

- Models network functions
composed into different
architectures

Realistic abstractions

- Avoids artifacts that do
not correspond to real
network components

- Forces to model
node-level behavior and
realistic coordination



Design Approach

Architecture-agnostic

It can support:

- Centralized control

- Distributed protocols

- Proactive/reactive routing

- Connection/connectionless

- Sync/async timing

Protocol stack agnostic
Convergence from literature:

- EPR generator (~ link layer)
- Forwarder/FIB

- Memory Management

- Purification/Swapping

Realistic abstractions
Intentionally avoided:
- Global resource manager

- Centralized scheduler
controlling all nodes



Entanglement Generation Modeling

Scalability with 10 qubits channel capacity
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Entanglement Generation Modeling

—Entangled state abstraction:

e Werner states
e Bell-diagonal states

—Fidelity definition:

e Predefined initial fidelity
e Single-run “mini-simulation” estimates fidelity

—Preserves correct statistics while avoiding
millions of photon-level events
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Link Architectures Framework
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For each link architecture, MQNS models entanglement generation using:

e success probability
e attempt duration
e qubit age at heralding



Unified Qubit FSM

At node startup, the qubit is in the

RAW state. The first reservation may In the PURIF state, the

be initiated when a channel becomes In the ENTANGLED state, the qubit node verifies purification
active due to a newly installed path may wait for SWAP_UPDATE or conditions before swapping.
(proactive), or during each Tezt phase 5 PURIF_SOLICIT. Qubit may wait for EPRs
(reactive). simulate EPR attempts Reactive routing may be triggered. with the same partner.

swap conditions met
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wait for an eligible EPR, depending after it has been consumed and returns for purification response from partner
on multiplexing / routing. to RAW, where a new qubit reservation node.

At an end node, the EPR can be deliv-

A can be triggered to generate a new EPR.
ered to the application.



Relation to Ongoing QIRG Work

Multiplane architecture
(D. Lopez et al.)

Enables exploration of:

° Network functions interfaces

° Control and management APIs

. interaction between control and
forwarding functions

Quantum-native architecture
(A. S. Cacciapuoti et al.)

Experiment architectures enabled by:

° Quantum-native addressing

° Entanglement as a network resource
° Quantum-native packet structure
Timing and physics constraints

(M. Hajdusek et al.)

° Refine/enforce timing aspects in MQNS
° Explore timing constraints at
routing/control level
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Conclusion

MQNS Enables

Evaluation of routing strategies
Comparison of swapping policies
Study of heterogeneous hardware
Exploration of control-plane designs
Testing of QN architectures

Perspectives
e External control and management
e Dynamic composition of QN functions
e Quantum control plane
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3 3_nodes_purif.py

[ 3_nodes_thruput.py

[9 3_nodes_wait.py

[ asymmetric_channel_3_nodes.py

[ asymmetric_channel_memory.py

[ linear_attempts.py

[ mans_ref.pdf

[ multi_request_single_path.py
3 multiplexing.py

[ scalability_randomtopo.sh

[ scalability_randomtopo_plot.py
[ scalability_randomtopo_run.py
[ single_request_multipath.py
[ swapping_policies_6_nodes.py

[ template_linear.py

[ template_routing.py

11



