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Abstract—Quantum networks are an actively researched and
promising field, aiming to achieve efficient quantum information
transmission by interconnecting quantum nodes. In large-scale
quantum networks, end-to-end throughput is a critical factor that
affects the overall performance of the network. The maximum
flow problem, extensively studied in classical network theory,
identifies a set of paths between the source and destination nodes
that maximizes the total flow. This study extends the maximum
flow problem to quantum networks, focusing on coordinating
multiple paths for multi-path quantum communication. We pro-
pose a Quantum Multi-Path Communication Protocol (QMCP)
that employs maximum flow theory to allocate transmission
resources across multiple nodes efficiently, thus maximizing the
total transmission capacity from the source to the destination.
Our evaluation demonstrates that QMCP significantly enhances
end-to-end throughput in quantum networks.

Index Terms—Entanglement Routing, Quantum Communica-
tion, Quantum Networks

[. INTRODUCTION

In recent years, quantum networks have become a focal
point in research, leading to successful applications in fields
such as quantum key distribution [1], distributed quantum
computing [2], and quantum teleportation [3], enabling func-
tionalities that classical networks cannot achieve. Similarly
to classical networks, quantum networks transmit information
using qubits. However, due to the no-cloning theorem [4],
qubits cannot be transmitted by hop-by-hop forwarding. The
prevailing approach is to establish end-to-end entanglement
connections through entanglement swapping [5], [6], which
are then used for end-to-end communication.

The construction of long-distance, large-scale quantum net-
works requires advancements in both hardware and software.
On the hardware side, high-performance quantum repeaters
and entanglement sources are required to overcome signal
attenuation during long-distance transmission [7], [8]. On the
software side, efficient quantum error correction algorithms
[9], [10] and entanglement routing protocols [11]-[13] are
crucial for building robust quantum networks. Quantum net-
work routing protocols must consider unique entanglement
properties, aiming to maximize distribution rates and maintain
high fidelity, beyond merely selecting paths. Previous studies
have primarily focused on the design and theoretical analy-
sis of long-distance quantum entanglement routing protocols
[14]-[16]. Recently, several studies have used fidelity [17]

to quantify the quality of entanglement links when designing
entanglement routing protocols and have applied this metric
in routing decisions [18]-[21]. However, it remains critical to
explicitly verify the capacity of the entanglement paths before
selecting the appropriate entanglement links.

In this paper, we propose the Quantum Multi-Path Com-
munication Protocol (QMCP), which functions as a quantum
counterpart to classical flow control protocols, enabling multi-
path entanglement routing. Based on classical maximum flow
theory [22]-[24], QMCP calculates and allocates appropriate
flows among multiple quantum nodes. To evaluate our protocol
and algorithm, we implement a packet-based, event-driven
quantum network simulator that concurrently simulates packet
switching in classical channels and qubit transmission in quan-
tum channels. Our evaluation results demonstrate that QMCP
can flexibly and efficiently establish end-to-end entanglement
links across quantum networks of varying scales, thereby
enhancing end-to-end throughput.

The contributions of this paper are summarized as follows:

o« We propose QMCP, which utilizes the maximum flow
theory derived from classical networks to identify opti-
mal path combinations and resource allocation strategies
that satisfy the requirements for establishing end-to-end
entanglement connections. This approach fully exploits
quantum storage resources at the nodes, thereby improv-
ing network throughput.

« We conducted extensive simulations, demonstrating that
our method significantly improves end-to-end throughput
in quantum networks.

II. BACKGROUND
A. Entanglement Connection

Establishing entanglement connections between distant
quantum nodes is essential to realize distributed quantum
applications. However, as the physical distance of the quantum
channel increases, the success probability of direct entan-
glement distribution between two quantum nodes decreases
significantly. To overcome this challenge, a method inspired by
quantum teleportation has been proposed. In this method, an
entangled qubit is separated from an entangled qubit pair [25].
This separated qubit can then be transferred to another quan-
tum node. As a result, entanglement is established between
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Fig. 1. An example of a quantum network.

distant quantum nodes. This technique, termed entanglement
swapping [5], [6], has been suggested as an effective solu-
tion to generate long-distance entanglement between distant
quantum nodes.

B. Quantum Networks

A quantum network consists of multiple quantum nodes that
are interconnected through quantum links. Since the success
rate of qubit transmission decreases exponentially with link
length, entanglement-based networks have been proposed to
improve the transmission of quantum information by lever-
aging quantum entanglement [26], [27]. When there is no
direct physical link between a source node S and a destination
node D, repeater nodes are arranged along the physical path
connecting S and D. These repeater nodes are responsible
for generating entanglement (Fig. 1) with adjacent nodes and
performing entanglement swapping operations, facilitating an
end-to-end entanglement link between S and D. Once the
entanglement link is successfully established, S can teleport
an information qubit to D by consuming the established
entanglement.

C. Maximum flow problem

The network flow problem focuses on determining the
optimal way to transmit flow through a network and is widely
applied in fields such as computer science, communication net-
works, and operations research. Among these, the maximum
flow problem [28] is one of the classic issues in network flow
theory, aiming to find the maximum flow from the source node
to the sink node. The general formulation can be described
as: Given the source node, sink node, and edge capacities,
determine a flow allocation that maximizes the total flow
from the source to the sink. When solving this problem, the
following two constraints must be satisfied: (i) the flow on any
edge must not exceed its capacity; (ii) except for the source
and sink nodes, the inflow to any node must equal its outflow.

III. DESIGN
A. Motivation

Resources in quantum networks, such as entangled pairs
and qubits, are limited and valuable. To optimize network
throughput, it is crucial to determine the maximum flow
between the source and target nodes. This involves distributing
the flow across multiple potential paths to maximize the total

Fig. 2. A motivating example (Solid lines for entanglement links.)

transmission capacity. For example, the capacity on each
quantum link, ranging from 2 to 14, is shown in Figure 2.
In the quantum network topology illustrated, suppose that we
consider the entanglement path s — 2 — 3 — ¢. If we allocate
a flow of 12 units along this path, the path from node 3 to node
t will become congested due to the link capacity limitation.
To avoid this bottleneck, we can distribute the flow across
multiple paths to optimize the overall network throughput.
Specifically, the flow can be allocated as follows:

e s — 1 — 4 — t: allocate 6 units of flow;

e s—2—1— 4 — t: allocate 2 units of flow;

e 5 — 2 — 3 — t: allocate 8 units of flow;

e 52— 3—4—t: allocate 2 units of flow.

By distributing the flow in this manner, we can achieve a
maximum total flow of 18 units from the source node s to the
target node ¢. This example demonstrates the importance of
proper flow allocation and motivates us to explore methods for
addressing the challenges of path selection and flow allocation
in quantum networks.

B. Models

We model our quantum network by mimicking the structure
of the classical Internet and adopting the following compo-
nents and assumptions.

1) Quantum Nodes: These nodes serve as the fundamental
units of the quantum network. Despite potential varia-
tions in processing capability and storage capacity across
nodes, this model assumes uniform functionality among
all nodes.

2) Quantum Memory and Quantum Link Capacity:
Quantum memory comprises slots, referred to as memory
positions, for storing qubits. Since establishing entangle-
ment between quantum nodes necessitates each node to
hold one qubit of an entangled pair, we define quantum
link capacity in terms of quantum memory capacity.
Specifically, the quantum link capacity between nodes is
determined by the number of slots available in quantum
memory for storing entangled qubits.

IV. QMCP DETAILS

Our protocol consists of two components: entanglement
routing and maximum flow entanglement path selection. The
path selection algorithm identifies entanglement connection
paths and calculates the amount of entanglement distribution



Algorithm 1: Entanglement Routing

Input: Current node: node, start expression: message
1 Function HandleRoutingMessage(node, message):

2 next_hop < GetNextHop(message);
3 if isinstance(message, RoutingRequest) then
4 if node.gmemory_positions[next_hop] is not full then
5 Generate entanglement between node and
next_hop;
6 message.path.append(node.I D);
7 ForwardRequest(next_hop, message);
8 else
9 | return Failure(message);
10 end
11 if isinstance(message,qubit) then
12 if node.gmemory_positions[next_hop] is not full then
13 node.qmemory[message].append(qubit);
14 if len(message.path) == 2 then
15 | return Success(message);
16 else if len(node.gmemory[message]) == 2 then
17 m 4
BellMeasure(node.qmemory[message]);
18 node.qmemory[message].clear();
19 ForwardMeasurement(next_hop, m);
20 end
21 else
2 | return Failure(message);
23 end
24 if isinstance(message, Measurement) then
25 if node is the destination of message then
26 node.meas_result.append(m);
27 if len(node.m_result) == len(message.path) - 1
then
28 qubit < node.gmemory[message].pop();
29 Correction(qubit, node.meas_result);
30 else
31 \ ForwardMeasurement(next_hop, m);
32 end
33 end

for each path, enabling the source node to reorganize its
routing table. For the same destination, the entanglement
routing protocol can distribute entanglement across different
paths, thus ensuring optimal utilization of network resources.

A. Quantum Entanglement Routing

We have adapted classical routing to be suitable for quantum
networks and designed the Entanglement Routing algorithm.
The main process of this algorithm is illustrated in Algorithm
1. Upon receiving a request, the routing protocol selects the
next hop from the routing table and checks the quantum
memory for available space to establish entanglement with
the next hop. Concurrently, the request is forwarded through a
classical channel. Each intermediate node appends its identifier
to the request, marking the number of hops traversed. When
two corresponding qubits are received, the node performs a
Bell measurement and forwards the results to the next hop to
complete the entanglement swapping. If the received message
is a measurement result, it is either forwarded to the next hop,
or, if all intermediate measurements have been collected, it
is utilized to perform the correction procedure. This algorithm
ensures accurate routing and efficient transmission of quantum

messages within the network, while taking memory constraints
into account.

Algorithm 2: Maximum Flow Entanglement Path Se-
lection

Input: flow_dict, source, sink
1 Function find_paths(current_node, path, flow):

2 if current_node == sink then
3 flow < min(flow_dict[u][v] for (u, v) in
zip(path[:-1], path[1:]));
4 if flow > 0 then
5 paths.append((path, flow));
// Reduce the flow along the path

6 for i < O to len(path) - 2 do

7 u < path[:];

8 v < path[z + 1];

9 flow_dict_copy[u][v] -= flow;

10 end

1 return;

12 for neighbor in flow_dict[current_node].keys() do
13 if flow_dict[current_node][neighbor] > 0 and

neighbor not in path then
14 min flow <+ min(flow,
flow_dict[current_nodel[neighbor]);
15 find_paths(neighbor, path + [neighbor],
min flow);

16 end
17 end

Output: paths

B. Max-Flow Entanglement Path Selection

Here, we assume that the quantum memory capacity of
each node in the quantum network is known. The classical
maximum flow algorithm [23] is used to calculate a flow
dictionary that records the flow from the source node to other
nodes and this dictionary is stored in the routing table of the
source node. Using this flow dictionary, Algorithm 2 extracts
multiple paths to establish entanglement connections through
Depth-First Search (DFS). Specifically, the algorithm conducts
a recursive search for all possible paths from the source node
to the sink node. For each complete path found, the minimum
flow is determined by comparing the remaining flow on each
edge of the path, and this value is recorded in the path list.
Subsequently, the corresponding flow along the path is reduced
to avoid repeated use. Finally, the algorithm returns all possible
maximum flow paths along with their corresponding flow
values.

V. PERFORMANCE EVALUATION
A. Test Case Generation

We conduct extensive simulations using the quantum net-
work simulator NetSquid [29] to evaluate the performance of
our algorithm. To construct a network topology with quantum
nodes N, we use the Waxman graph model [30] as the
foundational structure. This model typically generates network
topologies with diverse paths and reasonable density, making it
suitable for evaluating network throughput and maximum flow
characteristics. In our simulation, the default network consists
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Fig. 3. Throughput v.s. number of entanglement requests.

of 50 quantum nodes, each node connected via quantum links.
On average, each quantum link contains 20 quantum memory
units. We simulate network traffic by randomly selecting
source-destination pairs, where both the source and destination
nodes can be any nodes within the network. The source nodes
generate routing requests following a Poisson distribution with
fixed parameters, thus simulating the randomness of traffic in
a real network.

B. Comparative schemes And Performance Metrics

We compare our algorithm with two baselines: (1) the
Widest Path algorithm [31] and (2) the load balance algorithm
[32]. The widest path algorithm identifies a path with the max-
imum minimum transmission capacity and establishes end-to-
end entanglement along this fixed path. The load balancing
algorithm distributes the entanglement requests evenly across
different paths to achieve end-to-end entanglement. To quan-
tify network performance, we use throughput as our metric,
defined as the number of successfully generated source-target
entanglement connections divided by the time elapsed.

C. Evaluation Results

1) Effect of number of Requests: We simulate varying
number of requests while keeping other parameters constant
to evaluate algorithm performance under different traffic con-
ditions. Figure 3 shows the relationship between the number
of requests and throughput. Since the widest path algorithm
selects a fixed path for each request, the storage capacity of
nodes on that path is quickly exhausted, leading to network
congestion. In contrast, both the maximum flow path selection
algorithm and the load balancing algorithm distribute a large
number of requests across multiple paths, alleviating node
overload on specific paths. However, our path selection al-
gorithm benefits from a more rigorous combination of paths,
enabling more efficient utilization of network resources. The
numerical results indicate that our maximum flow path selec-
tion algorithm outperforms the other two algorithms in terms
of network throughput.

2) Effect of number of Quantum Nodes: Finally, we show
the performance of different algorithms as the network scale
changes. In our experiment, we vary the number of quantum
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Fig. 4. Throughput v.s. network scale.

nodes in the network while keeping the number of requests
fixed at 100. We randomly select a source-destination pair
from the network and apply the three algorithms to choose
paths for establishing entanglement connections from the
routing table of the source node. Figure 4 plots the relationship
between throughput and the number of network nodes, with
the results being the average of 20 trials. As expected, the
maximum flow selection algorithm consistently maintained
higher throughput. As the network scale increased, more quan-
tum resources became available for establishing entanglement
connections. The maximum flow algorithm can efficiently
select the entanglement paths and distribute traffic, making
better use of the available quantum resources. In summary,
our path selection algorithm consistently delivers superior
throughput across different network scales and under higher
traffic conditions.

VI. CONCLUSION

In this paper, we consider the problem of path combination
in quantum networks. We propose a novel Quantum Multi-
Path Communication Protocol (QMCP) based on classical
maximum flow theory, with the aim of maximizing end-to-end
throughput in quantum networks under constrained quantum
resources. To evaluate the performance of QMCP, we simu-
lated a quantum network where quantum nodes are intercon-
nected through multiple entanglement links. The simulation
results demonstrate that our protocol efficiently establishes
entanglement links across quantum networks of varying scales,
and our path selection algorithm outperforms other methods
in terms of network throughput.
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