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Bidirectional multi-nodes quantum
teleportation using discrete-time
quantum walk

N. Ikken®?, P. Kumar{®?, A. Slaoui®%34>9 B. Kar(?2, R. Ahl Laamara(®%3, M. Zomorodi®®° &
A. A. Abd El-Latif®%6

We suggest a new technique for bidirectional quantum teleportation (BQT) that combines coherent-
state encoding with discrete-time quantum walks to allow two users to communicate quantum
information simultaneously. Our method enables Alice and Bob to simultaneously teleport quantum
states to one another within a single protocol, as compared to unidirectional teleportation, which
only transmits quantum states in one direction. To allow for a qubit-like representation and fidelity
analysis using Bloch vector formalism, the quantum information is encoded using non-orthogonal
coherent states that are converted into an orthonormal basis of even and odd Schrédinger cat states.
Four different quantum walk steps, each acting on a three-part quantum system made up of position
and coin spaces, drive the teleportation process. We use density matrix overlaps in the even-odd
basis to derive closed-form formulas for teleportation fidelity in both directions analytically. Using the
SeQUeNCe discrete-event simulator, we simulate large-scale quantum network settings with realistic
limitations, including photon loss, memory decoherence, entanglement swapping degradation, and
various channel capacities in order to evaluate the potential of our approach. We evaluate quantum
memory utilization, throughput, and end-to-end fidelity in various network topologies and scenarios.
Our findings demonstrate that BQT allows symmetric communication with strong fidelity, particularly
in high-capacity and large-scale network situations, but requires a greater resource overhead

than unidirectional protocols. The hybrid framework developed in this study offers a scalable and
analytically simple solution for next-generation quantum communication systems by combining
discrete-time quantum evolution with continuous-variable state encoding.

Keywords Bidirectional quantum teleportation, Discrete-time quantum walks, Coherent states, Quantum
network simulation, Bloch sphere fidelity, SeQUeNCe

One of the most well-known methods in quantum information theory is quantum teleportation, which
provides a way to move unknown quantum states between different places without actually sending the
particles. Teleportation was first introduced by Bennett and associates in the early 1990s!, and since then, it has
been a fundamental component of distributed quantum computation, quantum cryptography, and quantum
communication®-®. Recent developments have sparked an increasing interest in Bidirectional Quantum
Teleportation (BQT)”®, where two users concurrently exchange quantum information, while the majority of
early implementations and theoretical models were on Unidirectional Quantum Teleportation (UQT). In addition
to improving channel efficiency, this symmetric communication style satisfies the structural requirements
of scalable quantum networks®!?. But the fundamental entanglement distribution process’s scalability and
stability provide an important obstacle to teleportation. Inspired by the classic idea of random walks, discrete-
time quantum walks (DTQWs)!! have become effective tools for resembling quantum dynamics and allowing
intricate quantum network protocols. Contrary to their classical equivalents, DTQWs take advantage of quantum
interference and superposition to achieve richer dynamics and faster transmission. DTQWs are everywhere for
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quantum computation and helpful for building quantum search and routing algorithms, according to theoretical
studies'?>"!4. These features make them particularly well-suited for controlling the propagation of states in a
teleportation protocol that necessitates coherence within various subsystems.

We use DTQWS ' transport capabilities in our suggested scheme to create a reliable and effective bidirectional
teleportation mechanism'®. We base our approach on a new framework in which the teleportable information is
represented in superpositions of non-orthogonal coherent states rather than qubit states. Often used in quantum
optics, coherent states are more appropriate for continuous-variable quantum communication systems and are
naturally resilient to some forms of noise!®. We express the incoming quantum information in a discrete, qubit-
like form by building an orthonormal basis of even and odd coherent states, also referred to as Schrédinger cat
states!”!8. This makes processing and fidelity analysis easier.

We can use Bloch vector formalism to analytically model the teleportation process by encoding Alice’s and
Bob’s states in such a basis. By using this formalism, we may represent the input and output quantum states as
density matrices with directional vectors and transfer them to locations on the Bloch sphere’. In addition to
offering a clear geometric representation of the protocol, this method makes it possible to precisely calculate the
fidelity of teleportation, a measure of how closely the transmitted state matches the original.

Four discrete-time quantum walk steps are used to carry out the actual teleportation procedure. Alice and
Bob, each have a three-part system that includes two coin spaces and a position. These systems are set up so that
one of the coin registers corresponds to the unknown quantum state of each user. The quantum walk’s steps are
made to apply Hadamard gates and conditional shift operations, ensuring the logical development and final
exchange of encoded quantum information?’. The simultaneous bidirectional quantum teleportation is made
possible throughout the evolution by interference effects brought about by quantum superposition.

We used the SeQUeNCe quantum network simulator?! to perform a thorough evaluation of performance
in order to determine the possibility of the suggested system. Realistic quantum communication networks with
physical limitations, including decoherence, photon loss, channel attenuation, and memory limits, are modeled
by this simulator. We examine the performance, fidelity, and quantum memory utilization of the teleportation
protocol in our simulation scenario, which is a 200 node network with Waxman connections®?. The results show
that BQT provides competitive fidelity and network utilization in exchange for its symmetric and concurrent
communication capacity, even though it fundamentally uses more resources than UQT.

In addition, we find that coherent-state encoding improves resilience against noise and loss, which are
particularly damaging in long-distance quantum communication??, in addition to providing a deeper framework
for quantum state representation. The suggested protocol exhibits potential for practical applications of
symmetrical quantum communication lines and next-generation quantum internet infrastructure when paired
with DTQW-based routing and entanglement distribution®*2>.,

Finally, we present an adaptable and analytically simple model for bidirectional quantum teleportation that
combines coherent-state encoding with discrete-time quantum walks. Through the integration of ideas from
discrete quantum computation and continuous-variable quantum optics?®, we develop a hybrid teleportation
framework that is compatible with the real-world limitations of large-scale quantum networks while ensuring
high-fidelity transmission. Therefore, the suggested approach provides opportunities for further study of fault-
tolerant entanglement routing strategies, adapted quantum walks, and hybrid CV-DV teleportation schemes?’.

Related work

Bennett et al.! were the first to introduce quantum teleportation, which laid the foundation for non-local
quantum communication through the use of shared entanglement and classical channels. Unidirectional
quantum teleportation (UQT), in which quantum states are transferred from a sender to a receiver in a single
direction, was the main focus of early research. Since then, these protocols have been extended into higher-
dimensional and multi-qubit frameworks®.

A symmetric variant of UQT that allows two users to exchange quantum states at the same time is called
bidirectional quantum teleportation (BQT). Numerous models have been developed in this direction, such as
hybrid techniques using discrete and continuous variables®?’, and controlled bidirectional teleportation using
multi-qubit entangled states”?8. Additionally, in?, the theoretical framework for general quantum networks was
built.

Discrete-time quantum walks (DTQWSs) have become a promising tool in quantum communication and
computation in recent years. The algorithmic applications of DTQWs3%3!, fast state propagation, and interference-
based benefits over conventional random walks®? have all been the subject of much research. Because of these
characteristics, they are especially appropriate for tasks like teleportation®® that require coherent quantum state
transfer.

Through DTQW dynamics, teleportation has been explored in several attempts. Krishna et al.33, for example,
used quantum walks on particular graph configurations to study bidirectional teleportation. However, a lot of
models have ignored the useful advantages of continuous-variable systems in favor of concentrating on qubit-
based encoding.

Coherent-state teleportation techniques have been investigated for their noise resistance and feasibility in
optical networks in the field of continuous-variable quantum communication®-3¢. As proven by Ikken et al.5,
recent work has suggested encoding qubit-like information in non-orthogonal coherent states and analyzing
them in orthonormal cat-state bases.

As far as we are aware, our suggested protocol is the first to combine a complete bidirectional quantum
walk-based teleportation framework over multi-node quantum networks with coherent-state encoding.
Additionally, we offer performance simulations under realistic limits using SeQUeNCe?! as well as analytical
fidelity derivations applying Bloch vector formalism. In addition to showing excellent fidelity, this hybrid CV-
DV method provides flexibility and scalability for designing quantum networks.
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One-dimensional quantum walk
A one-dimensional discrete-time quantum walk?” takes place in the composite Hilbert space

H = Hp ® Ho, ey
where
Hp =span{ |n) : n € Z}, He = span{ |0), |1)}.

Here, H p represents the infinite one-dimensional lattice of positions labeled by integer n, and Hc is a two-
dimensional “coin” space that governs the direction of motion.

State of the walker
At discrete time t, the full state of the walker is>8:

@) = D [no(t) IM)@10) + ¢ (t) [n)@[1)] 2)

nez
where ¢ c(t) € Cand ) [¢n.c(t)]? = 1.

Single-step evolution
One time-step of the walk is implemented by the unitary operator®

W) = E@) (I0), 3)
where C is the coin operator acting on Hc:

c—( o VI-pe” 4)
VIZpe? = pett )

While E(¢) is the conditional shift on Hp ® Hc,

n—1 N
E@) = |In+1) <77 2@ L 0> e Q) I
j=1 n d=n+1
n—1 N
+n—1) <77 ®®Ij® 1> (1 ® ® Iq (5)
j=1 n d=n+1
N

which give
E(t) =5 @ |0)(0] + " @ [1)(1]. (6)
Here, ¢ may denote a step-dependent phase or disorder parameter (often set { = 1 for homogeneous walks).

Shift operators
The S right-shift and ST left-shift operators on the position space are’

S=>"m+nm,  ST=> -1

neL new

Figure 1 provides a step-by-step explanation of this one-dimensional DTQW (coin toss followed by conditional
shift). Thus, E(£) moves the walker one site to the right if the coin is in |0), or one site to the left if in |1).

Quantum versus classical
Unlike the classical random walk, the quantum walk exploits superposition and interference:

o After the coin toss I @ C, the coin state typically becomes a superposition «|0) + 3|1).

 The subsequent conditional shift E propagates each amplitude coherently, leading to interference between
paths.

« This interference can produce ballistic spreading of the walker (variance o< t?) rather than diffusive (o t)
behavior.

Scientific Reports|  (2025) 15:44798 | https://doi.org/10.1038/s41598-025-28524-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

-
1

N O

<

4 v
-2 0

Fig. 1. Ilustration of a discrete-time quantum walk on a one-dimensional lattice. At each time step, a quantum

coin determines the walker’s direction: outcome |0) results in a rightward move from position i to 4 + 1, while
outcome |1) causes a leftward move from i to ¢ — 1.

Bidirectional quantum teleportation using coherent states
In our bidirectional quantum teleportation method based on quantum walks, we encode quantum information
using coherent states. Since the | —a) coherent states are usually non-orthogonal, they satisfy:

(o] —a) = e 2ol 7)

We define Alice and Bob’s quantum states as superpositions of these coherent states:

[#) 4 = N1 (e+|a) +e-|-a)), (8)
18) 5 = Na (T4]e) + 7- =), ©)
where Alice’s state is defined by the coefficients e = cos§ and e = sin 6 ¢'#. For Bob’s state, the parameters

74+ and 7_ are general complex amplitudes. Proper normalization is possible by the constants N1 and N>. The
following is the encoding of the logical qubits associated with a two-dimensional Hilbert space in terms of even
and odd coherent states:

) = 02),  Ja—) = [1L).

Normalization
Because |@) and |—a) are not orthogonal, the normalization constant /1 may be obtained using:

—1/2

Nl = [|E+|2 + |57|2 + 2672|a‘2 Re (E+Et)i| . (10)

For our choice of e+ and e_:
\E+|2 = cos® Oa, (11)
le_|? = sin® 0, (12)
Re (e4+e’) = cos b, sin b, cos @, (13)

which leads to:
—-1/2

N = {1 + 2672‘042 cos 8, sin 0, cos wa} . (14)

Bob's state’s normalization N is defined similarly by:
9 —-1/2
Ny = [|T+|2 4|2+ 2¢72" Re (T+Ti)] . (15)

With the expressions of |7 |, |[7—|, Re (7477 ) are written as follows:

|74 |* = cos® 6y, (16)
|7_|* = sin® 6, 17)
Re (7472) = cos 0y sin 0y, cos vy, (18)
Which gives at the end:
Ny = |1+ 2672|a‘2 cos 0 sin 6 cos vy o . (19)
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Even and odd coherent states
In the Hilbert space spanned by |cr) and |—a), we define the even and odd coherent states (also called Schrodinger
cat states) in order to build an orthonormal basis:

167) = N* (lo) + |-), (20)
l67) =N (la) = |-a)), (1)
with normalization constants:
Nt = [2 (1 n 6*2@!2)] w2 7 (22)
N = [2 (1 - eﬂlaﬁ)} o (23)
These states satisfy:
(@ lo") =(¢7167) =1, (') =0. (24)

Rewriting in the even and odd basis
|) and |—c) can be expressed using the even/odd basis:

a) = 75 16%) + =167, 25)
[—a) = 5 167) — =167, 26)
Substituting into Alice’s state, we get:
8 =M e (3 107) + 5=107))
e (1ot - %\aﬂ)} @7)
6ha = A [(E5 ) 160 + (B ) 190)]

This formula shows how Alice’s state is broken down in an orthonormal basis, which is necessary for multiple
teleportation protocol procedures. Like Bob:

. T+ + 7
60 =Nz [ () 109+ (2= ) 1) (8)
The accuracy and distinguishability of the encoded information are significantly impacted by the non;
orthogonality between |) and |—ca). Throughout the normalization constants, the parameter p = e —2lal?

happens and influences how the even and odd coherent states behave. When || is large, the overlap decreases
and the states are almost orthogonal. Figure 2 shows a side-by-side schematic contrasting the quantum walk to
the classical random walk, showing interference and faster spreading.

Bidirectional coherent state teleportation using quantum walk
Let’s say we wish to use coherent states on an even-odd basis to accomplish bidirectional quantum teleportation

between Alice and Bob. |¢) , = N1 [(E“_E’ )1¢") + (2==) |¢7)] , which she wants to send to Bob. At
the same time, Bob has another state |¢) , = N [( i ) |¢T) + (T+ = ) l¢p~ )} that he wants to send to

Alice. This bidirectional teleportation can be done simultaneously using quantum walk techniques.

Figure 3 shows the complete circuit implementation of our coin-controlled walk-based bidirectional
coherent-state teleportation. We assume that Alice has three quantum particles, called A1, A2, and A3, in order
to put this into practice. While the particles A2 and A3 represent two internal degrees of freedom, which we label
coin spaces C; and Ca, respectively, the initial particle, A1, encodes the position space Pa.

Bob owns three quantum particles as well: B1, B2, and B3. The particles B2 and B3 represent the coin spaces
C3 and Cy, respectively, while the state of B1 corresponds to the position space Pp1.

This configuration allows us to use a quantum walk protocol, in which Alice and Bob’s unknown states can be
exchanged simultaneously through defined interactions between the position and coin spaces.

The protocol starts with Alice’s initial coin space, C1, encoded with the unknown quantum state she wishes to
be transferred. Similarly, Bob’s coin space C3 includes his state.

Both particles Al and B1 begin at position zero when we initialize the position spaces P41 and Pp: to the
state |0). Also initialized to |0) are the additional coin spaces, Ca for Alice and C4 for Bob.

So, the system’s complete initial state, expressed in an actual order, is:
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Fig. 2. Comparison between classical discrete-time random walk and quantum walk. The quantum version
uses a Hadamard gate for coin flip and shift conditioned on the coin state, resulting in interference and
entanglement.
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Fig. 3. Quantum circuit for bidirectional quantum teleportation using coin-controlled walks and parity-based
entanglement. Qubits P4, and P, represent the positions of Alice and Bob, respectively. Qubits C3 and C4
act as quantum coins driving discrete-time quantum walks. The input states |¢4) and |¢ ) are the coherent-
encoded logical qubits to be teleported. The final multi-controlled operations represent correction gates
conditioned on the measurement outcomes of ancillary entanglement qubits.

‘\IJ>AP,BP,CI,CS,CZ,C4 =100) ® |[$) , ®10) ® |9) 5 ® |0) (29)
|‘I’>Ap,3p,cl,cs,cz,c4 = |00> ®N [(%) |¢+>
Ey —&E— -
+ (T) P >} ®10) ® N (30)

[(F=) 1o+ (T ) 1] @ 10

Equation 30 describes the separable pre-walk initialization. The inter-user entanglement required for bidirectional
teleportation is generated unitarily by the cross-controlled walk steps W(3) and W(4), which entangle (A3, B1)
and (Bs, A1) respectively, yielding a shared bipartite resource prior to the recovery operations. The position
registers for Alice and Bob are represented by the two initial |00) states, while Alice’s second coin (C,2) and
Bob’s second coin (C',4) are represented by the last two |0) states.

The four separate steps (which are referred to as walks) that make up the functional quantum teleportation
process are as follows:
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W(1)=E(1) (Ja1 ®Ip1 ® Ia2 ® Iaz ® Ip2 ® IB3s),

)
W(2) = E(2)({a1 ® Ip1 ® a2 ® [a3 ® Ip2 ® IB3), 31)
W(3)=E(3)(Ia1®Ip1 ® Ia2 ® Haz ® Ip2 ® Ips),
W(4) = E(4) (1a1 ® Ip1 ® Tas ® Ta3 @ Ipa @ Hps).
Here, the operators E'1, E», E3, E4 are defined as:

EQ) = (S® I1 ®(0){0] 4o ® 143 ® Ip2 ® IB3)

+ (8" @ Ip1 @ [1)(1] 4o ® Ta3 ® Ip2 ® Ips) , e
E(2) = (1a1® 8 ® La2 ® Las ®0)(0] 5, ® Ips)

+ (Ia1 ® ST ® T2 @ Tas ® [1)(1] g, ® Ins) )
E(3) = (In1 ® S ® L2 ® |0)(0] 45 @ Ip2 ® Ip3)

+(IAl®ST®IA2®|1><1|A3®IBQ®IB3)’ o
E(4) = (S ®Ip1 ®Ia2 @ Ias @ Ip2 ® |O><O‘B3) (35)

+ (ST ®Ip1 ®I1a2 ®Ia3® B2 ® |1><1|B3) .

Figure 4 illustrates the proposed bidirectional quantum teleportation (BQT) protocol based on discrete-time
quantum walks (DTQWs). In this scheme, Alice and Bob each hold an unknown quantum state, |¢)4) and
|1»B), which they exchange simultaneously through a shared DTQW channel. The sequence of walk operators
W(1)-W(4) performs the conditional shift and coin operations that generate entanglement between their
local subsystems and enable bidirectional information flow. After the walk evolution, both users perform local
measurements and apply correction operations based on the classical information they exchange. This process
allows each participant to recover the other’s state, demonstrating the core idea of simultaneous two-way
quantum teleportation using a single unified DTQW evolution.

First walk W (1)

We start by building Alice and Bob’s shared initial quantum state, which includes their respective coin and
position registers. The initial positions of Alice and Bob are represented by |00) A, B, and their internal coin
states are represented by coherent-state superpositions defined over the coin reg1sters C1,Cs (Alice) and
Cy, B3 (Bob). The even/odd coherent state basis is used to expand each coin state as follows:

19, 5y 0000000s = 100)4,m, @ M [ (F52=) 169)
+ <6+N_ ) Cx >} oo, & 100, (36)

oM [(P) 1 + (=) 100)] L @0l

We define the following coefficients, which stand for the amplitudes connected to Alice’s and Bob’s coherent
basis decomposition, in order to reduce the expressions and get ready to apply the walk operator:

DTQW Channel (Discret-Time Quantum Walk)

Alice Bob
Ng) w(1) w(2) w(3) w(a) — 1¥3)
Measurements Measurements
Correction Correction
Classical Channel
Recovered state Recovered state

Fig. 4. Bidirectional quantum teleportation (BQT) conceptual illustration Alice and Bob share a discrete-
time quantum walk (DTQW) channel and exchange an unknown coherent-state qubit (|¢)4) and [¢B))
simultaneously. Entanglement between their local coin spaces is created by the walk evolution W (1) — W (4),
allowing quantum information to move in both directions. Following local measurements, the teleported states
are recovered by applying rectification operations through the communication of classical bits.
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M= () = A ()
Bo=No (Z52=) = Ny ()

These base states are then used to expand the whole system’s state:

|%0) = 1050 |000000) + 1031 [000010)
+ 1180 |001000) + 7151 |001010)

Next, we use the first quantum walk operator 1 (1), which, depending on the state of the coin qubit As, applies
a controlled shift on Alice’s position register A;. The definition of the walk operator E(1) is as follows:

E(1) = (S DI ®|0)(0]) + (ST DI @ [1)(1))

If the coin qubit A is in state |0), the walker advances right via S; if not, it walks left via S f,
Term 1: oo |000000) Here, the coin qubit A2 = |0), so we apply the shift operator .S:

(S® H)(H ® |O><O|)|O>A1 ® |0>A2 = S|O>A1 ® |O>A2 = |1>A1|0>A2

All other qubits remain unchanged:

W (1) |000000) = |100000)

Term 2: o 31 |000010) Again Az = |0), so the same operation applies:
W (1) [000010) = |100010)

Term 3: 1 30 |001000) Now, As = |1), so we use the reverse shift operator S:

(ST @ DI [1)(1)]0) 4y @ [1) 45 = ST|0) 41 @ [1) 5
= |_1>A1 ® |1>A2
W(l) \001000) = \—101000)

Term 4: 1151 |001010) As above, the coin is |1), so:
W (1) [001010) = |~101010)

After applying W (1) to all contributing terms, the evolved quantum state is:

Y1) =W (1) [vo)
= 10080 [100000) + 77081 [100010) (37)
+ 1180 | —~101000) + 151 |—101010)

The conditional movement of Alice’s walker, in which the shift direction is dependent upon her coin state, is
reflected in this new state. The foundation for coherent quantum information propagation over the network is
created by this constant entanglement between position and coin degrees of freedom, which is necessary for the
behavior of quantum walks.

Second walk W (2)
After the first step, our state is:
1) = 1080|100000) + 77031100010)

38
+ 11 0|—101000) + 71 81|—101010). (38)

Only Bob’s position B1 (second qubit), which is determined by his coin Bs (fifth qubit), is modified by the next
quantum walk step W (2). That is:

« If Bobs coin Bz = |0), his position B is shifted one step to the right: S|z) = |z + 1).
« If Bob’s coin Bz = |1), his position Bj is shifted one step to the left: ST|z) =

We now apply W (2) to each term in |¢1) :

W(2)|$1) = 1080 5]100000) 4+ 1081 ST[100010)
+171B0S|=101000) + 1181 ST—101010)
=1060|110000) 47061 |1 —10010)
+mpBo|—-111000) +mpB1|-1-11010)
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Putting everything together, we obtain the updated state:

[tp2) = 1080 [110000) + 1B |1 —10010)

39

+mPBo|—111000) + 1151 ]-1-11010). (39)
This completes the second step of the bidirectional quantum teleportation protocol using discrete-time quantum
walks.

Third walk W(3)
The shift operator S is applied to Bj if the coin Aj is in the state |0) (shift right), and ST is applied if A3 is in
|1) (shift left). The third walk operator consists of two stages:

o Hadamard operation on As: Ha,
o Conditional shift E(3) on B; controlled by A3

This operator W(3) uses the coin state of Az to regulate the motion of B1, compared to the previous walk
operators W(1) and W(2), which depended on the states of A2 and Ba, respectively.

W(3) = E@3) (I*° @ H® I%?) (40)
where:
EB)=(I2SeIa[0)(00eI%)+ (IS eI 1)(1lel%?) (41)
Initial state:
o) = Y mBilvy) (42)
i,j€{0,1}
o Hadamard stage
We) = 75 ) Z 1685 (195) aymo + 1957) 4y @)
o Conditional Shift
Sv5) asmo |
B T
W)2 ZU J +Sf|1/);]>

noﬂo [120000) + |10010 )
1 n0/B1(]100010) 4 [1—-20110)
T2 | mBo(]~121000) + |—101100)

71681(]—101010) + |—1—21110)

)
)
)
)

Fourth walk W(4)
Same as W(3), The W(4) and E(4) acts on A;’s position conditioned on Bs:
The fourth walk consists of:

1. Hadamard operation on B3: Hp,
2. Conditional shift E(4) on A1 controlled by Bs

Since Bz = |0) in |¢3), applying E4 alone would only shift A; rightward, but |¢)4) shows B3 in superposition.
Thus, Wy includes a Hadamard on B3 before the shift, consistent with quantum walk steps:

W(4) = E(4)(I®° @ H) (44)
where:
E(4) = (S®I® ®0)0]) + (S"® I** @ [1X1]) (45)

Finally, after applying W(4), we obtain the final state:

o Hadamard stage
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/ 1 ij ij
45) = E Zniﬁj (|1/’3J>33:0 + ‘1/)3])33:1) (46)
2%
o Conditional shift
s) = %(mﬂo 1220000) + 7080 [020001)

+10B0[200100) + 1080 [000101)
+1051/200010) + 7S [000011)
+m0B112-20110) +19B1|0-20111)
+1mBo|021000) + 1718 |—-221001)
+11Bo[001100) +17180|-201101)
+mpB1|001010) + 7161 ]—201011)
+mpBr[0-21110) +mpBi|-2-21111))

Recovery unitaries and explicit controlled-Pauli form
Let the measurement outcomes be bo,b1,b2,bs € {0,1}. Then immediately after measurement, the two
teleported output states are:

[VB) = 27X "), (47)
[Ya) = 2" X "|¢a). (48)

To recover the original states, we apply the inverse Pauli operations:
Up, = X2, Us, = X325, (49)

Since Pauli operators square to the identity, each recovery exactly cancels the measurement-induced Pauli:

Usylup) = X" 2" (2" X" |¢1)) (50)
= (X"2X"2)(Z2"7")|41) (51)
= o), (52)
Uasloa) = X" 27 (27 X" 45)) (53)
= |¢2). (54)
In Qiskit, the recovery operations can be implemented using classically controlled Pauli gates:
Us: Z(Q5)|CO=1 X(q5)|02=17 (55)
zbo Xb2
Ua: Z(qa) =1 X(q4) cg=1 (56)
zZb xb3

Each controlled-Pauli gate undoes the measurement-induced error:

lYB) = 2" X"|¢1),

Uslys) = (X*22") (2°X") |61) = |61),
[pa) = Z° X" 5),

Ualtpa) = (X" 2°) (2" X") |$2) = |$2).

Comparison with existing BQT schemes: Previous bidirectional teleportation (BQT) protocols mainly rely on
multi-qubit entangled resources such as Bell, GHZ, or cluster states. For instance, Sisodia et al. proposed an
optimized BQT protocol based on Bell-type and cluster-type channels for simultaneous information exchange
between two users?!. In large-scale networks, Zhang et al. introduced a deterministic multi-hop BQT model using
combined GHZ and Bell resources to improve routing performance?’. Pandey et al.** developed a controlled
bidirectional teleportation protocol employing phase-opposite coherent states as information carriers, while
Yuan et al.* demonstrated bidirectional operation teleportation using two four-qubit cluster states. Compared
with these approaches, the present BQT-DTQW protocol integrates coherent-state encoding within a discrete-
time quantum walk framework, allowing simultaneous two-way teleportation through a single coherent-state
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resource and unified walk evolution. This design reduces classical-communication overhead and enhances
scalability and robustness against photon-loss noise, as confirmed by the analytical fidelity and SeQUeNCe-
based simulations.

Generalization of bidirectional quantum walk teleportation protocol to multiple
nodes

The previously described bidirectional quantum teleportation protocol can be generalized efficiently to a
multi-node quantum network consisting of up to 200 nodes. This generalization extends the discrete-time
quantum walk (DTQW) operators to a linear or graph-based quantum network, allowing bidirectional quantum
teleportation across long-distance entangled channels®.

Role of DTQWs in the multi-node extension

Before extending the analysis to multiple nodes, it is important to recall that in our protocol the discrete-
time quantum walk (DTQW) evolution is not used as a random process but as a controlled and deterministic
mechanism that generates entanglement between remote parties. In the two-node case (Alice and Bob), this
entanglement arises from the cross controlled walk operators W(3) and W(4), which couple the position and
coin spaces of both users. In the multi-node network considered here, the same DTQW principle governs the
propagation of quantum correlations through intermediate nodes, allowing the simultaneous bidirectional
teleportation to extend naturally to larger topologies.

Network topology
We define the quantum network as a linear chain of N nodes. Each node i, where i = 1,..., N, consists of:

« aposition Hilbert space Hp,,
« and a coin Hilbert space H¢;,

where each coin space H; is spanned by the orthonormal basis {|0), |1) }. The total Hilbert space of the system
is:

N

Hiotar = Q) (Hr, ® Hey) (57)

i=1

Therefore, in the schematic representation (the “multi-node figure” referred to by the reviewer), the network
should be understood as:

Alice «+— Nodes +— -+ +— Nodeny_1 «<— Bob,

intermediate (mediator) nodes

where the bidirectional quantum walk dynamically distributes and transfers the entangled states along these
paths. This clarifies that the two edge nodes are indeed Alice and Bob, and the remaining nodes act as the
mediating quantum relays in the network. The two edge nodes (¢ = 1 and ¢ = N) correspond respectively to
Alice and Bob, who act as the communicating users exchanging quantum states. The remaining intermediate
nodes (2 < ¢ < N—1) function as mediator (relay) nodes that perform entanglement swapping, temporary
quantum storage, and discrete-time quantum walk propagation of the coherent-state—encoded qubits. This
configuration realizes bidirectional multi-hop teleportation within a single composite quantum walk evolution.
In this way, the two edge nodes (Alice and Bob) exchange their quantum states, while the intermediate nodes act
as dynamic quantum relays, ensuring multi-hop, high-fidelity teleportation across the network.

Generalized quantum walk operators
We define a generalized conditional shift operator F; ;1 acting between adjacent nodes ¢ and ¢ + 1, controlled
by the coin state of node i:

Ei,iJrl = (Sz ® ]IPi+1> ® |0> <0|C’z + (SZT ®Hp’i+1) ® |1><1|Cz (58)

where the forward and backward shift operators S;, S :r act on the position space Hp;:

Si=> I+l SI=>"In—1) (59)

neZ nez

Each walk step includes a coin operation followed by a conditional shift. The local coin operator C'; may be the
Hadamard gate:

Ci=H= % - (60)

The walk operator at step 7 is defined as:
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Wi=hi® - ®L_1Q (Eiit1- (Ip, ® Cs))
QLo ®---@In

Protocol implementation across multiple nodes
To implement bidirectional teleportation over the network, we perform the following steps:

1. Initialization Place Alice’s unknown state |¢1) at node 1 and Bob’s unknown state |¢2) at node N, encoded
in the respective coin spaces C and C'y.

2. Quantum Walk Evolution: Apply a sequence of generalized quantum walk operators {W;} Y 7" iteratively to
propagate both Alice’s and Bob’s states toward each other through the network.

3. Measurement After a sufficient number of steps (e.g., | N/2]), perform projective measurements on the coin
and/or position degrees of freedom at intermediary nodes in the computational basis. The measurement
outcomes {by, } are shared with Alice and Bob via classical channels.

4. Recovery operations Upon receiving the measurement outcomes, Alice and Bob apply local recovery unitar-
ies:

Up=X"2", Usa=X"2" (62)

which precisely invert the teleportation-induced Pauli errors and recover |¢1) and |¢p2).

Simulation and optimization

Simulations using quantum circuit frameworks (such as Qiskit) and quantum network simulators (such as

SeQUeNCe) validate the fidelity and performance of the generalized protocol. Quantum optimization techniques,

including quantum ant colony optimization*” and quantum walks, can further enhance the protocol efficiency

by optimizing node traversal paths, minimizing decoherence effects, and maximizing teleportation fidelity.
This generalized framework establishes the foundation for scalable quantum communication networks

capable of handling complex, multi-node quantum information distribution tasks.

Fidelity of the bidirectional quantum teleportation
To quantify the accuracy of quantum state transfer, we compute the fidelity of bidirectional quantum teleportation
involving coherent states. We represent the input and output states using Bloch vectors and derive analytical
formulas for the teleportation fidelities in both directions: from Alice to Bob and from Bob to Alice.

For a pure input state |¢in) and output density matrix pout, the fidelity simplifies to:

F = <¢in|pout|¢in>- (63)

More generally, for two arbitrary density matrices pin and pout, the Uhlmann fidelity is:
2
F = |:TI' ( v/ Pin Pout 4/ pin):| . (64)

We measure the fidelity between the intended input state and the received output state at each end of the
network to determine the accurac of our BQT protocol. The Uhlmann expression provides the fidelity Fa_, 5
for quantum states paiice and p(()ut , which represent Alice’s initial input and Bob’s received state, respectively:

2
Fasp = |:TI‘ (\/\/ PAlice Pgﬁg vV PA]ice>:| . (65)
Similarly, the fidelity of reverse teleportation from Bob to Alice is described as follows:
2
Fpa= |:TI“ ( v/ PBob p(()i) \/pBob>:| . (66)

The even/odd coherent state basis in our model represents the input states. The input state of Alice is represented
as:

() e () )
o) =N [ (S50 ) o) + (S ) 107 (©7)
With the compact representation of the coeflicients as:

cf =N - %, A =N E-D\/,;_E_ (68)

Therefore, the input density matrix is obtained:
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e e (el
PAlice = <Cé (Cﬁ)* |Cé ‘2 . (69)

Similarly, Bob’s input state is parametrized using 7+ = cos 6, T— = sin fye'#, and coefficients

B T+ + 7
=Ny

Tt

T+ — T—

B =Ny e (70)

Following teleportation, the Bloch vector representations of the output states pgﬁg and pgft) are described. In

other words, every state looks like this:

1 .
pont = 5 I+7-5), (71)
plB) = 1 (1+k-5) (72)
out 2 )

where the Bloch vectors of the teleported states are 7 and k. Based on Alices input parameters (0, ), the
components of 7" are determined as follows:

NP

Te = NS [0052 0, — sin® 0, cos(2np)] , (73)
N7 L2, . .
Ty = SN [ sin® 0, sin(2¢) + cos b, sin b, sin @] , (74)
5 | 14+2cosfsinf,cosp 1 —2cosbgsin b, cosp
= - 75
re =N e S 75)
Similarly we calculate the output Bloch components for Bobss state:
N22 2 2 (76)
ks = NN [cos 0, — sin” 0y cos(2<p)] ,
N3 L2, . .
ky = NIN= [ sin® 6, sin(2¢) + cos O sin O sin ¢ | , (77)
14+ 2cosOpsinfpcosp 1 —2cosbysinbycosp
k. = N3 - 78
'%{ W)? )2 78)

Finally, the explicit matrix form is used by the output density matrices:

_114r. re—iry
pOUt_Q(Tm—Firy 1—r, ) (79)

By _ 1 ( 1+k. ke — zky) (80)

Pout = 5 \ky + ik, 1—k,

We calculate the fidelity between the transmitted output state and the original input state for both communication
routes to measure the performance of our non-orthogonal coherent state-based bidirectional quantum
teleportation system. One important parameter for assessing how well the quantum information is maintain%d
durin% Bt)ransmission is the fidelity. In particular, we compare the corresponding output density matrices pg.+
and p,,; with the ideal input states paiice and ppob, expressed in the orthonormal basis of both odd and even
Schrodinger cat states, to assess the fidelity from Alice to Bob (F'a— p) and from Bob to Alice (F— a).

While the present section focuses on coherent-state-encoded bidirectional teleportation, it is instructive to
contrast its robustness with traditional qubit-based schemes under equivalent noise models. The resilience of
coherent states arises from their over-completeness and Gaussian structure, which mitigate amplitude-damping
and photon-loss effects. Our analytical fidelity expressions already capture this robustness through the overlap
factor e~21°!” and the normalization constants (N4, N_). For identical transmissivity 17 and decoherence rate
v, numerical evaluations indicate that the coherent-state-encoded BQT maintains a higher average fidelity
when a 2 1, corresponding to the regime of reduced non-orthogonality. Preliminary comparative simulations
performed within the SeQUeNCe framework confirm a fidelity improvement of approximately AF' ~ 0.05—0.1
in moderate-loss channels (n > 0.7). These findings motivate a more comprehensive comparison between
coherent- and qubit-based encodings, which will be reported in future extensions of this work.

Performance analysis

Simulation setting

We used SeQUeNCe?!, a discrete-event quantum network simulator, to model and evaluate the performance of
UQT and BQT. We randomly deploy 200 nodes within a rectangular area of 200 km x 400 km and randomly
assign 8 source—destination pairs (SD) of users in the network. To construct the network topology, we employ
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Throughput (qubits/slots)

the Waxman model*8, where an edge between nodes u and v is created with probability de~'(“*)/¢L where,

I(u, v) is the euclidean distance between nodes u and v, L is the maximum distance between any two nodes,
6 = 0.90 controls the base edge probability, and € = 0.01 determines the sensitivity to distance. Each node is
equipped with a 20 unit of quantum memory that features a coherence time of 0.3 s, an efficiency of 0.80, a raw
memory fidelity of 0.95, and a memory excitation frequency of 2 x 10%. The nodes are interconnected via optical
fiber links with an attenuation coeflicient of 0.2 dB/km, and the classical communication channel introduces
a delay of 100 ms. The entanglement generation rate between connected nodes is modeled probabilistically,
influenced by quantum channel attenuation, which is set to 0.0002, and a channel frequency of 100 GHz.
The quantum link capacity varied from 5 to 20. To accurately model photon detection, we include realistic
detector parameters, efficiency of 0.80, detector count rate is configured as 5 x 107 counts per second, and time
resolution of 100 picoseconds to ensure precise entanglement confirmation and synchronization. The link-level
entanglement generation rate is set at 10 attempts per second per link, and all nodes are time-synchronized.
Entanglement swapping is performed at intermediate nodes along paths with hop counts ranging from 2 to
10. The fidelity degradation introduced by each swapping operation is modeled using a degradation factor of
0.99. All experiments are carried out on a workstation with a Ryzen 7 3700X 3.6GHz CPU, 32GB RAM, and OS
Windows 10 64 bits.

Performance metrics: We evaluate the performance of the UQT and BQT approaches using three key metrics:
throughput, end-to-end fidelity, and quantum memory utilization. All results are presented in a normalized
manner to ensure fair and consistent benchmarking. Throughput (qubits/slots) is the expected number of
successfully established end-to-end entangled connections, reflecting the protocol’s routing efficiency. End-to-
end fidelity measures the quality of the entangled states across the entire path. For resource evaluation, quantum
memory utilization is defined as the ratio of consumed entangled pairs to the total available entangled pairs in
the network. A lower utilization ratio indicates a more efficient use of memory resources, particularly relevant
in UQT.

Results analysis

Network performance analysis

Figure 5a shows that UQT achieves higher throughput than BQT in a quantum network, mainly because it uses
fewer resources and is easier to manage. In UQT, entangled qubits are needed only in one direction, which means
fewer entangled pairs are consumed and less quantum memory is used. This allows the network to support more
teleportation operations at the same time. In contrast, BQT requires entanglement in both directions between
two nodes. This doubles the resource requirement and increases the need for synchronized communication,
making the process more complex and slower. It also puts more pressure on quantum memory at both ends,
which can lead to delays or failed operations if memory is limited.

In Fig. 5b, in small quantum network sizes, UQT usually has higher fidelity than BQT. This is because UQT
only sends qubits in one direction, using fewer entangled pairs and involving fewer steps. As a result, there are
fewer chances for errors such as noise, memory decay, or gate imperfections. The simpler process helps preserve
the quality (fidelity) of the teleported qubits. However, as the size of the network increases, both UQT and
BQT need to go through more intermediate nodes and perform more entanglement swaps. Each additional step
introduces more noise and errors that reduce the fidelity. In large networks, the overall fidelity depends more
on the number of hops and the quality of the links than on the direction of teleportation. Because of this, the
performance difference between UQT and BQT becomes smaller, and both methods end up with similar fidelity.

In Fig. 5¢, UQT uses less quantum memory compared to BQT because the communication happens in only
one direction. In UQT, only one qubit needs to be teleported from a sender to a receiver. This means that the
sender has the qubit to be teleported, and the network only needs to generate and store a single entangled pair
for that direction. As a result, fewer quantum memories are used throughout the network. On the other hand,
in BQT, both nodes are trying to teleport qubits to each other at the same time. This means that both ends must
store their own qubits, and the network needs two separate entangled pairs, one for each direction. Intermediate
nodes also need extra memory to support both directions at once. Because of this, more quantum memories are
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Fig. 5. Performance evaluation based on network nodes. Each point shows the average over several random
Waxman networks. Solid lines are used only to guide the eye and do not imply linear scaling.
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occupied during the process, and qubits may need to be stored longer while waiting for the other side, increasing
memory usage.

Network channel capacity analysis
Figure 6a shows that channel capacity increases as both UQT and BQT show increasing throughput. This is
because, in UQT, only one entangled pair is needed per teleportation. When channel capacity increases, more
pairs can be generated faster, allowing more qubits to be teleported in a shorter time. This boosts throughput
efficiently. In BQT, two entangled pairs are needed (one for each direction). Although throughput also increases
with better channel capacity, the gain is slightly slower compared to UQT because BQT consumes twice as many
resources. Still, better channel conditions enable more simultaneous bidirectional teleportation operations.

Figure 6b shows that when the channel capacity is high, the network can create and distribute more high-
quality entangled pairs, which helps improve fidelity. In UQT, qubits are sent in only one direction. It requires
just one entangled pair for each teleportation. It fully benefits from the improved channel quality. It also finishes
faster and uses less memory, reducing the chances of errors caused by waiting too long or holding qubits in
memory. On the other hand, BQT sends qubits in both directions simultaneously, so it needs twice as many
entangled pairs. Even if the channel capacity increases, BQT puts more load on the network. It also requires
more coordination and memory at both ends, increasing the errors. As a result, its fidelity doesn’t improve as
much as UQT.

Figure 6c¢ illustrates how increasing channel capacity affects memory usage differently in UQT and BQT.
In a quantum network, quantum memory stores qubits and entangled states during the teleportation process.
In the case of UQT, each teleportation requires only one entangled pair and typically involves shorter waiting
times. As a result, memory usage remains low, and quantum memories are released more quickly for future
operations. In contrast, BQT requires two entangled pairs—one for each direction—and both ends must be ready
simultaneously. This synchronization requirement often causes delays, leading to longer memory occupancy
and, consequently, higher memory utilization.

Network user analysis

Figure 7a shows that when the number of users in the network is low, both unidirectional and bidirectional
quantum teleportation achieve similar throughput. However, as the number of users increases, UQT outperforms
BQT. This is because UQT transmits only one qubit at a time, making better use of available quantum memory at
the nodes and experiencing lower network congestion. In contrast, BQT involves the simultaneous teleportation
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of two qubits in opposite directions, which requires more resources and synchronization between nodes. This
added complexity leads to delays and reduces the throughput of the network.

In Fig. 7b, when the number of users in the quantum network increases, both UQT and BQT show lower
fidelity. This is because more users create more demand on the network. As a result, the system has to share
limited quantum resources like entangled pairs and memory among many users. With more users, qubits
may have to wait longer in quantum memory before teleportation can proceed. This waiting time causes the
teleportation fidelity to drop. Also, there is more congestion and more steps involved in sending qubits across
multiple nodes. Each extra step adds an error because of more frequent entanglement swapping. These small
errors add up and reduce the accuracy, or fidelity, of the teleported qubits.

In Fig. 7¢, as the number of users in a quantum network increases, quantum memory utilization also rises.
This is because each user needs to transmit qubits, and both the qubits and their associated entangled pairs
must be temporarily stored in quantum memory at various nodes along the path. In the case of UQT, memory
usage remains relatively low because only one qubit is teleported at a time, requiring fewer entangled resources
and shorter storage durations. In contrast, BQT requires multiple qubits to be teleported simultaneously in
both directions, which significantly increases the demand for quantum memory. The need for synchronization
between nodes also causes additional delays, forcing qubits to remain in memory longer. This results in higher
memory utilization, especially as the network becomes more congested.

Network path length analysis

Figure 8a shows that as the path length increases, the throughput of both UQT and BQT also increases. This
is because qubits experience exponential decay over longer paths, which leads to a higher chance of failure in
quantum teleportation. To maintain the desired fidelity and ensure successful teleportation between users, the
network needs to generate and transmit more qubits along longer paths. As a result, the number of teleportation
attempts increases, which contributes to the rise in overall throughput for both UQT and BQT.

Figure 8b shows that fidelity goes down in UQT and BQT when the path length gets longer. This happens
because longer paths mean qubits have to pass through more nodes. Each node involves extra steps like swapping
entanglement, and every step adds a small chance for errors. Also, qubits spend more time traveling and waiting
in memory, which causes them to lose their quality due to noise and delays.

Figure 8c shows that both teleportation techniques (UQT and BQT) exhibit lower quantum memory
utilization when the path length is short. This is due to fewer entanglement swapping operations and reduced
hardware errors in the network. However, as the path length increases, the number of intermediate nodes
also rises, leading to longer waiting times for memory entanglement and increased losses. Consequently, both
teleportation techniques show higher memory utilization for longer paths.

Analytical fidelity versus simulated performance

The accuracy of bidirectional quantum teleportation using non-orthogonal coherent states may be tested
analytically using the fidelity formulas defined in “Fidelity of the bidirectional quantum teleportation” section.
Both Alice to Bob (Fa—,5) and Bob to Alice (Fs—, 4) closed-form formulas for the fidelity were derived by
modeling the input and output states in an orthonormal basis made up of even and odd Schrddinger cat states.
The Uhlmann fidelity formula is used to calculate these equations, and the output states are represented in the
Bloch sphere representation as qubit density matrices.

The performance evaluation done in “Results analysis” section is based on this theoretical fidelity study. We
used the SeQUeNCe discrete event quantum network simulator to simulate a realistic, large-scale quantum
communication network, taking into account actual limitations like entanglement swapping degradation,
efficiency detection, channel attenuation, and quantum memory coherence time.

Figures 5, 6, 7 and 8 show fidelity metrics that are directly derived from the previously created analytical
model. In particular, the performance of the bidirectional teleportation protocol with physical layer flaws and
network-level dynamics is determined using the Bloch vector-based fidelity calculations defined in “Fidelity of
the bidirectional quantum teleportation” section. The way the simulated fidelity changes across various network
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configurations is a reflection of the effect of teleportation parameters, such as the amplitude « of the coherent
states, phase parameters 6, ¢, and the normalization factors.

Therefore, the performance study improves the theoretical teleportation model’s applicability to practical
quantum network settings in addition to verifying it under ideal conditions. The strong practical value of our
bidirectional coherent-state teleportation protocol based on discrete-time quantum walks is reinforced by the
good correspondence between the simulation results and the analytical fidelity derivation. Although the results
show that the fidelity of unidirectional quantum teleportation (UQT) is generally higher than that of bidirectional
quantum teleportation (BQT) under the same network conditions, BQT can become advantageous in specific
high-performance regimes. When the quantum channel has high transmissivity and fast entanglement-
generation rates, the simultaneous two-way exchange in BQT can reduce total communication time and
improve effective throughput. This indicates that, despite its higher resource cost, there exists a parameter region
where the symmetric structure of BQT provides better overall performance than sequential UQT. This threshold
regime will be further analyzed in future work to identify the exact conditions under which BQT surpasses UQT
in fidelity and transmission efficiency.

Experimental feasibility and implementation outlook

Although this study is theoretical and supported by large-scale simulations, the proposed Bidirectional Quantum
Teleportation (BQT) protocol based on Discrete-time quantum walks (DTQWs) can be implemented using
current photonic or cavity-based quantum technologies. The main experimental challenges include generating
stable coherent and cat states, realizing precise coin and shift operations for the DTQW evolution, and keeping
both communication directions synchronized with minimal phase and loss imbalance. Scaling the protocol
to many nodes would also require long-lived quantum memories and efficient entanglement swapping. As we
discussed in the previous paragraph, recent progress in integrated photonics suggests that these requirements
are within reach, making our hybrid BQT-DTQW model a promising candidate for future experimental
demonstrations in quantum networks.

Conclusion

In this paper, we propose a new methodology for bidirectional quantum teleportation based on coherent-
state encoding and discrete-time quantum walks. The protocol takes advantage of the encoding power of non-
orthogonal coherent states and the interference qualities of quantum walks to allow simultaneous quantum
state exchange between two individuals. We used Bloch vector formalism to develop precise formulas for the
teleportation fidelity in both directions by reformulating the input states in the even and odd Schrodinger cat
basis.

We ran simulations with the SeQUeNCe quantum network simulator to determine the practical value of our
methodology. These simulations evaluated performance in terms of fidelity, throughput, and memory utilization
across several network structures and simulated genuine quantum network situations. The simulation findings
show the durability and scalability of the suggested protocol and are consistent with our theoretical predictions.

The present work offers the foundation for the implementation of symmetrical and successful quantum
teleportation in future quantum networks. Integration with hybrid continuous-discrete quantum structures,
adaptive walk parameter control, and noise robustness could all be the subjects of future studies.

The suggested BQT protocol, which is based on DTQWs, can be implemented using existing photonic
quantum technologies, given the fact that this study is theoretical and supported by detailed simulations.
Generating stable coherence and cat states, performing accurate coin and shift operations for the DTQW
evolution, and maintaining both communication directions synchronized with the least amount of phase and
loss imbalance are the main experimental problems. Effective entanglement swapping and long-lived quantum
memory would also be necessary for expanding the protocol to several nodes. These conditions may be met,
according to recent developments in integrated photonics, which makes our BQT-DTQW model an excellent
option for upcoming quantum network experimental demonstrations.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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