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QUANTUM

QUANTUM NETWORKS + QUANTUM COMPUTERS 
= 

DISTRIBUTED QUANTUM COMPUTING



Scaling quantum computers 
is 

a distributed-systems & networking problem,
where the hardest unsolved parts 

are the kind of thing we are good at.
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What is Quantum?

• Qubits vs Bits

Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

BITS
Punch card

Vacuum tube

Mercury delay-line memory

DVDs
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

What is Quantum?

• Qubits vs Bits
BITS QUBITS

two-dimensional complex vector space (Hilbert space)
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

What is Quantum?

• Qubits vs Bits
• Qubits are physical

Image created with AI (Gemini)
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

What is Quantum?

• Qubits vs Bits
• Qubits are physical
• Qubits offer complexity advantages

Simulating quantum systems Factoring 

Unstructured search Optimization & ML

Sampling 
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

What quantum advantage desires

COMPUTE COMMUNICATION
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

What quantum advantage desires

Xu, Xinyao, et al. "Optomechanical microwave-to-optical photon transducer chips: 
Empowering the quantum internet revolution." Micromachines 15.4 (2024)

COMPUTE COMMUNICATION
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

What quantum advantage needs 

~10⁵–10⁷ physical qubits
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

What quantum advantage needs 

We ran out of room on the chip, so … we plugged in a network
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Classical Networks
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Quantum computing
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Quantum computing

18



Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Quantum computing

Thor labs: wave plate 
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Quantum computing

Thor labs: wave plate Taken from Wikipedia

Reversible XOR

20



Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Quantum computing

Thor labs: wave plate 

Entanglement!
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Entanglement?

ۧ|0 =
1
0

ۧ|0 =
1
0
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Entanglement?

ۧ|0

ۧ|0

|+⟩ = 1
0

/√2 

ۧ|0 =
1
0
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Entanglement?

ۧ|0

ۧ|0

|+⟩ = 1
0

/√2 

ۧ|0 =
1
0

ۧ|0 ⊗ |+⟩ =
|00⟩+|11⟩

√2

We cannot separate 
these states
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Entanglement

ALICE

BOB

• Entangled pair (pre-established) would have to 
be consumed

• These are networks resources, and it’s 
exponentially expensive to attempt to 
circumvent their consumption using classical 
networks.
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Quantum Networks

Offer entanglement as a new resource!
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Quantum Networks

Offer entanglement as a new resource!

Qunnet’s & Cisco’s New York metropolitan quantum network
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Enables DQC

Entanglement is super nice!
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Enables DQC

Entanglement is super nice!
Can correlate at any 

distance
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Enables DQC

Entanglement is super nice!
Can correlate at any 

distance
Communication 

savings

SUPERDENSE ENCODING

2 online bits 
= 

1 pre-shared qubit 
+ 

1 online bit
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

Enables DQC

Entanglement is super nice!
Can correlate at any 

distance
Communication 

savings
Security 

guarantees

SUPERDENSE ENCODING

2 online bits 
= 

1 pre-shared qubit 
+ 

1 online bit
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Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest unsolved parts  are the kind of thing we are good at.

The promise of a Quantum internet
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Scaling quantum computers 
is 

a distributed-systems & networking problem,
where the hardest unsolved parts 

are the kind of thing we are good at.
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Open problems galore in DQC

COMPILATION & MAPPING

• Circuit partitioning across QPUs: graph/hypergraph min-cut + qubit mapping; NP-hard; minimize non-local gates

• Telegate vs teledata: teleport the gate, or move the qubit? a per-operation cost decision

• Entanglement-aware cost models: every non-local gate spends a scarce, decaying Bell pair; objective unlike classical 
placement

Scaling quantum computers  is  a distributed-systems & networking problem, where the hardest 
unsolved parts  are the kind of thing we are good at.

QUANTUM vs CLASSICAL COMMUNICATION

• Circuit knitting / wire cutting: skip the quantum link, stitch results classically & pay exponential sampling overhead 
in # cuts

• Where's the crossover? when is a slow, noisy quantum link worth more than exponential classical shots?

• Provable comm. Advantage: which workloads actually need quantum communication? (communication-
complexity results)

ENTANGLEMENT DISTRIBUTION (resource management)

• Generation rate vs decoherence: entanglement is probabilistic + slow to make; the whole system is rate-limited

• Routing: routing a consumable with probabilistic delivery under a decoherence deadline; no classical analogue

• Swapping at repeaters: multi-hop paths via entanglement swapping, itself probabilistic; multipath to boost success

• Purification / distillation: burn many noisy pairs to forge one good one; a quality-vs-throughput knob

• Quantum memory: a buffer with a burning fuse: store entanglement while the protocol catches up, but it decoheres

QUANTUM vs CLASSICAL COMMUNICATION

• "NUMA for qubits" : intra-chip ≪ chip-to-chip ≪ rack ≪ datacenter, by 
orders of magnitude in latency & fidelity

• Heterogeneous QPU clusters : different sizes, topologies, error rates; 
placement across a quantum memory hierarchy

• Microwave→optical transduction: the physical bottleneck; why you 
can't just run a fiber between two fridges today

REAL-TIME CLASSICAL CONTROL

• Feedforward within the coherence window: teleportation needs 
classical bits acted on before decoherence

• The deadline is physics, not an SLA: classical scheduler/network 
latency coupled directly to qubit lifetime (µs)

• Clock / phase synchronization: sub-ns timing across nodes for 
photon interference

PROGRAMMING MODEL & TOOLING

• Right abstraction?: one transparent virtual machine vs explicit nodes + links (shared-memory vs MPI, reborn)

• Verification & debugging: no breakpoints: you can't inspect state without collapsing it

• Benchmarking: no agreed metrics for a DQC system

FAULT TOLERANCE ACROSS THE NETWORK

• Distributed QEC: syndrome extraction over links orders-of-magnitude 
noisier than on-chip

• Networked codes & lattice surgery: surface-code logical qubits spanning 
QPUs; thresholds for modular architectures

• Reliability without copies: it's replication/consensus, except no-cloning 
forbids backups

SYSTEMS / HPC INTEGRATION

• QPU as accelerator: how does a QPU cluster slot into a supercomputer's 
job scheduler? (like GPUs, but with deadlines)

• Hybrid workflows: classical pre/post-processing tightly coupled to 
quantum kernels; data movement & orchestration

• Standardization: no stack, no interfaces, no portability yet 34
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Circuit partitioning
COMPILATION & MAPPING

• Circuit partitioning across QPUs: graph/hypergraph min-cut + qubit mapping; NP-hard; minimize non-local gates

• Telegate vs teledata: teleport the gate, or move the qubit? a per-operation cost decision

• Entanglement-aware cost models: every non-local gate spends a scarce, decaying Bell pair; objective unlike classical 
placement

Large computation Abstraction Partition for Assignment
to QPUs in the network

~ Hypergraph partitioning problem 36



Communication advantages

Reductions in communication for key 
classical & quantum applications (e.g. Ring all reduce)
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Securing quantum secrets
ENTANGLEMENT DISTRIBUTION (resource management)

• Generation rate vs decoherence: entanglement is probabilistic + slow to make; the whole system is rate-limited

• Routing: routing a consumable with probabilistic delivery under a decoherence deadline; no classical analogue

• Swapping at repeaters: multi-hop paths via entanglement swapping, itself probabilistic; multipath to boost success

• Purification / distillation: burn many noisy pairs to forge one good one; a quality-vs-throughput knob

• Quantum memory: a buffer with a burning fuse: store entanglement while the protocol catches up, but it decoheres

Quantum 
repeater
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