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ARTICLE INFO ABSTRACT
Keywords: Quantum entanglement is a unique criterion of the quantum realm and an essential tool to secure
CPTP maps quantum communication. Ensuring high-fidelity entanglement has always been a challenging task
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owing to interaction with the hostile channel environment created due to quantum noise and
decoherence. Though several methods have been proposed, correcting almost all arbitrary errors
is still a gigantic task. As one of the main contributions of this work, a new model for ‘large
distance communication’ has been proposed, which may correct all bit flip errors or other errors
quite extensively if proper encoding and subspace measurements are used. To achieve this pur-
pose, at the very first step, the idea of differentiating the ‘long-distance communication’ and
‘short-distance applications’ has been introduced. Short-distance is determined by the maximum
range of applying unitary control gates by the qubit technology. How the error correcting ability
of Quantum codes change for short and long-distance application is investigated in this work,
which was not explored in previous literatures as far as we know. At the beginning, we have
applied stabilizer formalism and Repetition Code for decoding to distinguish the error correcting
ability in long and short distance communication. Particularly for short-distance communication,
it has been demonstrated that a ‘properly encoded’ bell state can identify all the bit flip, or phase
flip errors with 100% accuracy theoretically. In contrast, if the bell states are used in long-
distance communication, the error-detecting and correcting ability reduces at huge amounts.
To increase the fidelity significantly and correct the errors quite extensively for long-distance
communication, a new model based on classical communication protocol has been suggested.
All the required circuits in these processes have been generalized for arbitrary (even) numbers of
ancilla qubits during encoding. Proposed analytical results have also been verified with the
Simulation results of IBM QISKIT QASM.

1. Introduction

Quantum entanglement is a nonlocal property of quantum mechanics (extensively investigated by J. Bell [1]), which was initially
pointed out to oppose quantum mechanics in a famous EPR paper by Einstein et al. [2]) Quantum Entanglement is a crucial part of
Quantum Communication now a days. For example, Quantum teleportation [3], superdense coding [4], Ekert Protocol [5] for
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Quantum Key Distribution, etc., rely on establishing entanglement pair between two nodes in a quantum communication network.

Ensuring high fidelity quantum entanglement between two nodes separated by longer distance has always been challenging. To
overcome the challenge, first generation Quantum Repeater has been proposed that utilizes entanglement distribution and swapping
protocol along with entanglement purification method [6]. In order to understand the mechanism in details, first, entanglement links
are created between network nodes (Entanglement Distribution). After that, a bell basis measurement is performed within a node on
two qubits which are halves of separate bell states, allowing to provide a longer entanglement link connecting adjacent repeater nodes
(Entanglement Swapping). Finally, more highly entangled state is created from a number of lower quality ones (Entanglement Pu-
rification) [7-12].

In previous works, entanglement purification has been proposed to increase the fidelity in long distance. But to begin, the
communication rate decreases polynomially with distances, thus becoming very slow for long-distance classical communication.
Furthermore, multiple entangled pairs are required and it takes many rounds of purification to obtain high fidelity bell pairs. Most
importantly, the success rate is very low and if it is failed, then we need to start again [13-19].

Now let’s assume Alice and Bob share two copies of |¢_ ) state. In entanglement purification protocol, at the beginning, Alice and
Bob apply CNOT gate in their side of qubits. After that they measure one qubit in each side and then compare the results using classical
communication [17-20]. If the results match; then the fidelity of unmatched bell pair is increased, else the fidelity decreases, and they
need to throw away the qubits and restart the whole process [11-20]. In this case, there is a 50% probability of fidelity being
decreased, which is a major drawback.

At the very first step of this work, the idea of differentiating the ‘long-distance communication’ and ‘short-distance applications’
has been introduced. The definition of long and short distance communication depends on the qubit technology used in the appli-
cation. If the laboratory supports applying controlled unitary gate at distance x, then anything smaller than that is distinguished as
short-distance and anything larger than that is considered as long-distance communication. The main reason behind this work is that
entanglements can be used in laboratory applications as well. How the same channel impacts the Bell states and how the Error
Correcting abilities changes with distance require proper studies, which was inspected by us, since there were not enough literatures
during our survey.

Two cases for entangled state have been examined in this paper. In the first case, the entangled state is local (i.e., short distance
communication) which is shown in Fig. 2a, and in the second case they are separated by a long-distance to make communication. There
are two subcases in the second case, with/without classical communication channel shown in Fig. 2c and (b) respectively.

In this work, Bell States have been encoded using Quantum Repetition Code (QRC) and calculated the fidelity in bit flip and phase
flip channels. Note that if a Quantum Error Correcting Code (QECC) can correct both bit flip and phase flip errors, then it can correct
any arbitrary single qubit errors [21]. For arbitrary channel, nested encoding method can be used to correct errors. If an error
correction technique works for bit flip channel, then it can be modified for phase flip protection, and then arbitrary errors can be
corrected by cascading bit flip and phase flip code [22]. However, this work has been kept limited by encoding bell states for bit flip or
phase flip protection only.

QECC instead of entanglement purification has been shown to improve the fidelity of Bell pairs significantly in this work. Using
stabilizer formalism, and proper encoding for channel, immense increase in fidelity for local entanglement states (in short-distance
communication) can be achieved, where all the bit flip or phase flip errors can be corrected. For long-distance communication,
some fidelities are lost due to the requirement of non-local gates. In this case, a third party named Charlie is assumed to prepare a bell
state, encodes both qubits and sending both encoded qubits to Alice and Bob through quantum channel.

The mathematical framework for Quantum Error Correction is mainly stabilizer formalism. Surface code [33,37] is the modern
addition in the field of logical encoding, which is defined on a 2D lattice of physical qubits, where the stabilizer measurements involve
certain group of neighboring qubits. Surface code has several variants, such as Planar Code, Color Code, Toric Code etc. [34-36].
However, the overhead (defined as the ratio of physical qubits to logical qubits) is very large for surface code implementation; which is
a major challenge to implement this practically for quantum communication. In addition, there are certain physical requirements, i.e.,
the need of qubit connectivity and error rates below certain threshold, which makes it more challenging to quantum communication
practice [34-37]. Therefore, in this research, we have adopted simple models yet achieving greater practical application potential, if
bell states are used.

In our work, a novel model has been proposed for long-distance communication. It has also been shown that using classical
communication and local measurement, it is possible to correct all the bit flip and phase flip errors in long-distance communication.
Previously, it was shown that it is possible to establish quantum communication network using local gate operations and classical
feedback without any requirement of entanglement [32]. However, in our study we have found that prior entanglement along with
local gate operations and classical communication has the ability to correct all the Pauli errors if proper encoding is used.

It should be noted that, bit flip or phase flip codes are well known, but how the decoder circuits change for short and long-distance
communication, was particularly studied in great detail in this work. To the best of our knowledge, there is no available report in the
literature distinguishing short and long-distance communication. Apart from that, QRCs were not supposed to correct all the bit flip
errors, but in this work, it has been shown that theoretically it is possible for Bell states only.

A generalized algorithm for constructing a (2k +1, 1) repetition code decoder circuit is discussed. It has been shown that if we want
to use entanglement as a resource for long-distance communication, then fidelity is limited by the repetition code-based scheme’s
fidelity, and entanglement states in general are not too different from product states. The advantage due to entanglement comes to light
only if an entangled system is local.

In the upcoming section, at first, we will go through some preliminary concepts to understand our work properly. In next two
sections, we have first reviewed our generalized results and circuits for QRC based encoding-decoding, which is applicable for both
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short and long-distance communication, followed by the decoding process using stabilizer formalism, which contains protocol for
short-distance communication, and our proposed novel scheme for long distance communication. At the end, we discussed how the
mutual information in qubits can help in error correction.

We have compiled the workflow of our paper in Figs. 1 and 2 displays our explored configurations of bell states. Fig. 3 contains our
proposed protocol for long-distance communication with classical channel.

2. Preliminary concepts
2.1. Quantum states, density matrices, quantum logic gates, and bell states

Qubits are the fundamental building blocks of Quantum Computing. A qubit represents the state of a two-level quantum system.
The general one qubit state, |y) € /7 can be written as (0 < 0 < 7,0 < ¢ < 27, 7 is associate Hilbert space) [21]:

) =cos(3) 00+ e sin(3)11) &

The set {|0),|1)} and {|+), | —)} represent Z basis (computational basis) and X basis (diagonal basis) respectively, are related by a
unitary operator, known as Hadamard matrix, H as:

H|0)=[+),H|1) =|-) )

In Z basis, the Hadamard matrix, H can be written as:

1 /1 1
=501 4) ?
Density matrices, p € .%(#’) are the general form of Quantum states, which are positive semi-definite matrices (p > 0) with the
normalization condition, Tr[p] = 1.
Quantum logic gates are unitary transformations If U is a unitary operator then U' = U~! and it acts on state |y), then the final state
is given by |y') = Uly). The operation of the density matrix is given by:
p=UpU' “

Some important single qubit gates are given below [18,21].

(i) The bit flip gate (Pauli X gate): This is quantum analog of classical NOT gate, in computational basis, i.e.,

X|0) =1}, X|1) = |0) ()

(ii) The phase flip gate (Pauli Z gate): This unitary gate adds a 180° phase if acts on |1) state, and doesn’t change the |0) state, i.e.,
Z|0y=10), Z[1) = —[1) (6

Z gate works as a bit-flip gate on a diagonal basis.
The Hadamard gate, Pauli X and Z gates are related by,

HZX=X ()]

The most important class of unitary gate for multipartite quantum states is Controlled Unitary gate. Let’s assume we have (n+1)

Problemsinvolving [ Solution
communication
using Bell State
\ e |t is possible to correct some Pauli
error with 100% success rate if
‘ ‘ channel is known
* Using local measurement & classical

communication, it is possible to
correct all bit flip or phase flip

’:]j errors.

( Long _
Long distance Short distance Distance
communication communication

50% probability Requires many Not all t"itf“P or ] T ]
of decreasing pairs of bell phase flip errors short . .(ilyep af bltt flip Qtl;lpflitase flip ctha|[|1r':§|’
fidelity pairs are correctable Distance it is in fact possible to correct a e

errors.

Fig. 1. Flowchart of our work. Generalized circuit designs are provided in order to implement proposed schemes.
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(b

% +—— Long Distance =———> q}

Long Distance

sical Communication Channel %

Fig. 2. A and B are two spin % entangled particles. Three cases are studied in this work. (a) Local (Short-distance) Entangled State (b) Entangled
State separated by long-distance (c) Entangled State separated by long-distance but with a classical communication channel. The short distance
means the laboratory capacity to perform a distant controlled unitary operation.

Step-2 (Channel)
Bit Flip Quantum Channel with Krauss:

®(2k+1)
Encode |$.) as%(|0)®2k+1|0)®2k+1 + |1)®2k+1!1>®2k+1) {p1®1, (= p)X®I, f—p(l—p)1®X,pX®X}

Step-1 (Encoding)

v

Step-4 N Step-3
Alice will measure the syndromes of the stabilizers:
{2125,2,2Z3,.., 21 Zop41 }
Bob will measure the syndromes of the stabilizers:
{Zak+2Zak+3 Zok+1Zak+a0 -+ Zok+1Z2(2k+1) }

Alice and Bob will perform Z,4q & Z5p 4, subspace
measurement. Let their results are m; & m,
respectively.

Step-5 | ’ Step-6

Using classical communication, they will share all the syndromes. Alice and Bob will determine the bit flip error
Syndrome of Zj 1125+ Stabilizeris given by myms,. positions and apply necessary X gates.

Fig. 3. Proposed protocol for correcting all bit flip or phase flip error in long-distance communication. Classical communication and local subspace
measurement are used to determine all the syndromes for error correction.

qubits named as 0,1,2, ...,n. A single qubit unitary operation U is applied on n* qubit when first n qubit is in the basis state |1)*".
The operation of the C"U gate can be expressed as:

CNU:I®(M+1) + |1>®r1<1‘w1® (U—I) (8)
For example, Controlled NOT gate is defined as,
CNOTx)ly) = [0)lx ®y), x,y €{0,1} ®

Here, |x) is called control qubit and |y) is called target qubit. If U is Pauli X gate, then C"X gate is called Toffoli gate in general.
Now, we shall look at entanglement and Bell state. System A, B are called entangled state if their combined density matrix p,p
cannot be written as p, ® pj. Bell States are a special type of entangled state for bipartite quantum system.
Bell states are defined as,
1
V2

we can combine these four states as [26],

(100) £ [11)), [y.) =—=(|01) £ [10))

1
lp.) :\_@

1
W =5 (|0>A|m>g (-1 te m>B) 10)

where m,n € {0,1} and |9,) = |Woo),|9-) = W), W) = [Wao)slw_) = lwa1)-
Bell states are called maximally entangled state since the entanglement entropy is maximum. Fig. 4 shows how to create |, ) state

using Hadamard and CNOT gate:
One bell state can easily be converted to another by performing some unitary operation:

(Te2)lp,)=lp-), TeX)lp.)=lw.), TXD)p,.)=p) 11
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alice_qubit |0>
bob_qubit |0>

Fig. 4. Creating Bell state. Hadamard gate is applied to keep the control qubit in superposition state.
Transformations in Eq. (11) play a major role in Superdense Coding [4].

2.2. Quantum channel, CPTP maps, fidelity

An open quantum system interacts with the environment and gets entangled very easily. Let’s imagine we have prepared a quantum
state p, = |y)(y| and the environment (or channel) has the quantum state py = |¢)(¢|. Initially, the overall quantum state is given by:
Psg = Ps ® pg. Now interaction with the channel will induce some unitary evolution Ugg in total state pg;. After the evolution, the
combined state is given by, pg; = USE/)SEU;E = Usgps ®/)EU;E [17,18].

Now if we want to deal with our prepared system, we need to trace out the environment part. Thus, the evaluated system will
become:

p’E =Trg [/7/55] = ZEkpSEz (12)
k

px cannot be written as product state in general, hence we call that quantum state is entangled with environment. Here B = (ex|Usgle).

We note that, ZE;‘(E,( =1, ,0;5 > 0 with Tr[p;z} = 1. Therefore, the evolution in Eq. (12) results in a valid density matrix fulfilling all the
k

properties. Hence, we call this operation a Completely Positive Trace Preserving (CPTP) map (also known as Super operators). We call
{Ex} the Krauss Operator of CPTP Map [22,29,30].

Eq. (12) gives the most general quantum evolution. For example, for unitary evolution, the set of Krauss operator is given by {U},
where U is a unitary gate. Measurement, tracing out a subsystem also can be represented using CPTP Maps.

Now, let’s unitary U; is applied on p with probability p;. Then, we deduce the new density matrix, p' =>pi Uipr , where the set of
i
Krauss operators {E;}, is given by:

E;=\/piU; (13)

Bit flip channel for single qubit can be defined as: p = p.X|y){w|X + (1 — p)|w)(y|, thus Eq. (13) gives the Krauss operators, Ep;p =
{vPX,\/1 —pI}. Similarly, for phase flip channel, the Krauss operators are, Epnoseiiy = {/BZ, /1 —pI}.

Finally, we will define fidelity. Suppose we have prepared a pure quantum state |y )(y/|, which becomes a mixed state p due to
interaction with nature according to Eq. (15). We then define the fidelity as:

F=+/(ylply) a4
We note that, 0 < F < 1 and the equity holds only if the state remains pure.

2.3. Concept of Pauli Group and stabilizer
The set @" = {+1,-1,+i,—i} x {I,X,Y,Z}*" forms a Group under matrix multiplication, known as Pauli Group. Here,

1 0 i 0
the multiplicative identity [23,27,28].

A stabilizer group S < g" is a Pauli subgroup with some properties.

Let’s p1,p2,p € S, then (i) p? = I®" (ii) [p1,p2] = 0 (iii) — I & S.

We often use generators to describe a group. For example, S = {l, 2125, 7,73, 7371} is a stabilizer generated by Z1Z5,Z,Z5. We write
S =(Z175,Z573).

Here the notation M, = I~V @ M ® I*>") and | means I*" for n-fold Pauli group.

In stabilizer formalism, we first denote the coding space, /7, using stabilizer set, say S. Pauli error (elements of Pauli Group) either
will commute with elements of S or anti-commute. Now if the generator set of S has cardinality n, then we can quickly identify errors by
checking whether it commutes with each element of S. We then call it Syndrome.

Let’s E is a Pauli Error and S = (s1, 53, ..., Sy) is a stabilizer of € 7. Then,

sily) = w)Vly)e 7. (15)

Let’s s,E = k;Es;, where k; € { — 1,1}. If k; = 1, we say E commute with s;, and if k; = — 1, we say E anti-commute with s;. The set
{k;} is called the syndrome of E.
Now we note that, s;(E|ly)) = kiEsi|ly) = k;E|y), therefore E|y) is in the k; eigenspace of s;. There are 2" possible errors we can

X=01 = (0 1 ) Y=0y= (O 71) Z=03= <(1) _01 ) are called Pauli Matrices. We also denote I = ¢q as convention, to include
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| Z basis
H H Measurement

El) [ ] El)

10)

Fig. 5. Subspace Measurement in stabilizer formalism. By measuring ancilla qubit, we can decide whether it is in +1 or —1 eigenspace of stabi-
lizer s.

distinguish and each of these errors divide the total Hilbert space into equidimensional subspaces.
The subcircuit to measure the syndrome is given in Fig. 5 [27].
The operation of the circuit is explained below.

1) First, we apply H ® I in state |0)E|y), thus the resultant state is, J%(|0)E\y/) -+ [1)E|y)).

2) Now we apply controlled stabilizer gate, U = [0)(0| ® I+ |1){(1|® s, the resultant state is,
R
V2

1

(I0)Ely) + \1>SE\1//>):\/§

(I0Ey) + k[ 1E))
3) Then we again apply H ® I and then measure the ancilla qubit. The result is given by,
k+1
2
We note that if k =1 then the total state will collapse into |0)E|y) and if k = —1 then the collapsed state is |1)E|y). Thus, by
measuring ancilla qubit, we can determine the relevant syndrome with respect to the stabilizer.

k—1
\0>E\‘I/>+T\1>EW)

3. Bipartite quantum states in bit flip and phase flip channel (for both long and short-distance communication)

In this section we will briefly state our generalized circuit design and results for QRCs. We will encode as well as decode Bell pairs
using QRCs. This result is applicable for both short and long-distance communication. In the next section, we will encode using QRC
but decode using stabilizer syndromes, which will be applicable for short distances and our newly proposed scheme for long-distance
communication with classical communication channel.

3.1. Without encoding

To understand the effect of Pauli Errors on Bipartite Quantum States, we will first calculate the fidelity without any encoding. In
section 2.2, we have described how to model bit flip channel for single qubit. For bipartite quantum state, we have modelled the bit flip

channel as: B = {\pX, /1 —pI}QCZ ={1-pI®l\p1-p)X®I/p(1-p)I®X,pX®X}, where p denotes the probability of
single bit flip.

Considering arbitrary bipartite state and a bell state we can derive the following equations for minimum fidelity (F; and F,
respectively):

Fi=p,F,=1/p>+ (1 —p)* > F (16)

Hence, we note that maximally entangled states are less prone to errors. We will, however, try to improve the fidelity using
Quantum Error Correction in the next section.
For phase flip channel, we can easily convert phase flip errors into bit flip errors using Eq. (7).

3.2. Quantum Repetition Code and general encoding-decoding process for single qubit

The repetition code, which is an error correction code, is used in the classical communication channel. Later, it was used for 3-qubit
codes in quantum communication by A. Peres [24]. In general, for (2k+1,1) repetition code, we encode |0) as [0)*®**1) and |1) as
[1)®3+1)_ For this, we need 2k ancilla qubits initialized at |0) state. Then we use controlled NOT gate by keeping the main qubit in
control and ancilla qubits as target. Note that, a (2k +1, 1) repetition code can correct k bit flip errors. For phase flip errors, we encode
for bit flip channel then use Fig. 5 to convert phase flip errors into bit flip errors.

Fig. 6 shows the encoding procedure in 3 qubit repetition code in terms of quantum circuit.

If a channel is good (probability of single qubit bit flip is p < 0.5), then majority of errors are in correctable range [27,29,30].

In this section we will provide a general scheme for designing any QRC circuit. This scheme will be used to derive generalized result
of fidelity for both single qubit and bipartite quantum states.

The general scheme is given below.
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qubit_to_be encoded |0> — I¥) >

[0.8, —0.6]

ancillag |0>

ancilla; 10> {b—

Fig. 6. Encoding in Quantum Repetition Code (3 qubit repetition code). After encoding, the quantum state (0.8/0) —0.6|1)) is encoded as
(0.8/000) — 0.6[111)).

(i) Encoding: Take 2k ancilla qubits (numbered as 1, 2,..,2k) in state each initialized at |0). At this stage, we can denote the state as
(lw)wl) @ (10)7¢0[**).

Now apply CNOT gates in these ancilla qubits keeping the 0 qubit (with state |y)) in control. The operation of unitary operator
Uenc is given by Eq. (17) [qx € {0, 1}Vk]:

2%
Une =Y '®1 |9 ® qo){a;| | 1a0){aol 17)

q0+91:-92k J=

(ii) Channel: Now the encoded qubits are passed in a bit flip channel. The Krauss operators are modelled by us as,

Ef — {\/EX, 1 —pl}w+l (18)

If the channel is a phase flip channel, then we can apply Hadamard gate before and after passing through the channel.

(iii) Decoding: Decoding can be done in two steps.
(a) Step 1: Apply Ul,.. Now note that if no error is occurred in the 0% qubit, then the state is 0% qubit is already error free. But if
there was an error then there is no way to distinguish the effect. But we know (2k +1, 1) repetition code can correct k bit flip

errors
(b) Step 2: We note that after step 1, for most probable errors (less than k errors in these 2k + 1 qubits) if there is an error in the oth

qubit, then at more than k ancilla qubits will be at state |1). The required gate is given by:
PN
U =X ® Z (Ei/il())%%) <Eijj‘0>@2k> (19)
>k

here E;; is bit flip error in j ancilla qubits. For example, for 5 qubit repetition code, k = 2. So j = 3,4. For j = 3, E;;’s are given by
XoXeX0LX0X®IoX,X®I®X®X,I®X®X®X}, and for j = 4, E;j’s are given by {X®*}. There is total (2]k) of such Ey;.

Another way is measuring all the ancilla qubits in Z basis after step 1 and if more than k ancilla qubits are measured as — 1, then all

then we can simply add an X gate in the 0" qubit.
Fig. 7 provides an example for decoder circuit (five qubit repetition code).
To obtain the resultant state, using Eq. (12) with described decoding technique, and tracing out ancilla qubits, we obtain the

following result:
p =Pyl + (1= PXw){ylx (20)
P is given by Eq. (21). Therefore, we obtain the expression for minimum fidelity in Eq. (22) for encoding single qubit with (2k +1)
repetition code [31]:

encoded_qubity —¢- —O—O)—)—_@M—
encoded_qubit; é — ——

encoded_qubit;, & — ¢

encoded_qubits & Y WD W N W

encoded_qubit, O— o

Fig. 7. Decoder circuit for 5 qubit repetition code. Here blue colored gates combined results in Uef,lC and the violet-colored gates function as Uj, as
a whole.
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K
P (21(;&- 1 >p'(1 _pyir 2n
r=0
K
L 2k+ 1\ 0 \kri-r
Fr.n“n - ;( r )p (1 p) (22)

On the other hand, without encoding, the fidelity becomes Fu-min = /P < Frmin for p < 0.5 (good channel), thus giving application
of repetition code more usefulness.

3.3. General results for applying Quantum Repetition Code in bipartite state (for both long and short-distance communication)

Now we shall discuss how to implement QRC Error Correction for bipartite state. Let’s consider two party, Alice and Bob with spin
Y, particle A and B respectively. They can be separated by any distance (long or short). The quantum state of the composite system AB
can be a bell state before encoding. We can use the encoding and decoding subcircuit of Fig. (5), (6) to establish a repetition code-based
Quantum Error Correction for bipartite quantum state.

There are two possible cases, one where either Alice or Bob will prepare a bell state, encode one qubit and send it through a
quantum channel. Another case is, a third party (let’s call him Charlie) will prepare a bell state, encode both qubits and send them to
Alice and Bob. The first case is similar to sending single qubit state; therefore, we will focus on the second case. Both Alice and Bob’s
qubits will be separately encoded using ancilla qubits, each initialized at state |0), the number of ancilla qubits are 2k for each. Now
they will encode their qubits separately following the scheme described in section 3.2. After encoding, the channel (assume bit flip
channel) will introduce some quantum noise, and some of the noise can be corrected by applying decoding operation (also described in

section 3.2) separately. For example, we can encode |, ) state as, % (j0y2 k1) )22kt 17 y@(2k+1) (7 9(2k+1)) The whole process is

illustrated in Fig. 8.

Now we will discuss our simulation procedure in brief. Firstly, we created a bell state and then encoded the state using repetition
code. After that it was passed through a bit-flip channel (modelled by X gates between barrier) and then decoded as described earlier.
Finally, we have made a bell basis measurement in order to calculate the fidelity. A probabilistic model was used based on Monte Carlo

method to perform the CPTP Map, given by the Krauss Operator: E’ = {ypX,\/1-pI }®2(2k+1) .

We see that there are 4%*1 combination of errors, for each of the cases, we have simulated the circuit and determined whether our
code could correct the error or not. Fig. 9 illustrates our followed procedure in our simulation. Fig. 10 provides the complete circuit
(with a sample channel model) for 5 qubit repetition code to protect a Bell state and Fig. 11 shows implementation of 3 qubit repetition
code in bell state for phase flip protection. Similar procedures have been followed for bipartite product states.

We have theoretically analyzed the fidelity and numerically computed them using Qiskit QASM Simulator. Fig. 12a shows the result
for 3 qubit repetition code implemented in both bell state and product state. In our previous work, we implemented 3 and 5 qubit QRC

- Bz .
2 & o Alice’s Bob’s 5@
S’ € ’IO) s . il 10) . b SQ
) o ancilla Encoding i g
" qubits D qubits 10 @ &
|
L
Quantum Channel (II)
®3
Ekrauss = {PI®L{p(1 = P)X®1L/p(1 - p)I®X, pX®X }
1
_,,,,irf Decoding Decoding -
///// :| UlastUeTnc (III) UlasteTnc \77;\7'\\\

| a—

~_Trace out ancilla .
P A B .

1

Fig. 8. Alice and Bob both share a bell state. They need to encode their qubit by taking ancilla qubits and applying U.,. both side (I). After that they

can send them in a quantum bit flip channel (II). After the operation of channel, both Alice and Bob will apply UjeUly to decode their qubits
separately (III). The Fidelity lost due to channel interaction in (II) will increase again in (III) due to error correction operation.
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All possible errors = {E1, E>, ..., E,} with (probability) weight {p1,p2, ..., Pn} respectively

Start
i =0,Fidelity =0

i No v
Update Fidelity Yes Is error Simulate circuit
with weight p; \w? with E; Error

End

Fig. 9. Simulation Protocol for verification of theoretical results for fidelity. Channels are varied and different circuits are created for each channel.
Finally, the expression for fidelity is generated computationally and matched with theoretical result.

ancilla_qubit_aliceg

alice_qubit -. l oO—0—0—0—0 -__ﬂ_
) ) aaas

ancilla_qubit_alicey & & _

ancilla_qubit_alice; & © = :

ancilla_qubit_alices a . a o 6—¢
bob__qubit [+ —€ O—¢
ancilla_qubit_bobg L . é g —

ancilla_qubit_bob, e a " —s

ancilla_qubit_bob, & © ———

ancilla_qubit_bobs {} . {} ——— 00—

- 2
bell_basis_measurement

Fig. 10. Complete circuit implementing 5 qubit repetition code and bit flip channel for Bell state.

alice__qubit -. ° . . .
ancilla_qubit_aliceq $ [ ‘\,
ancilla_qubit_alice; 9_. . o— ‘

0 —
i
ol

= - B ~}

bob__qubit <& L

ancilla_qubit_bobg

ancilla_qubit_bob,

-l

. B
bell_basis_measurement

Fig. 11. Repetition Code for phase flip channel. Hadamard gate is applied before and after the channel.

for Bell States. The circuits were simulated using IBM QASM simulator, which is generalized analytically in this work, and our
theoretical result perfectly agrees with our previous work result. In Fig. 12b, we have shown the simulation result from our previous
work [25].

Our calculated theoretical value of fidelity, Fy,, for implementing (2k +1) repetition code in bipartite state is given below:

2(2k+1)

Fi=y| 2 £ x (1 = p® (23)
i=0

Here the coefficient f(i) is given by Eq. (24).
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Boa —— product state
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0.0
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Bit flip probability
—— Without repetition code b
3 qubit repetition code
—— 5 qubit repetition code
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£
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)
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6
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Fig. 12. Simulation results regarding the Fidelity. Here bit flip channel was used, but we could generate similar result for phase flip channel by
encoding for phase flip channel. Fig. 12a refers the fidelity of Product state vs Bell State. We note that fidelity is better for bell states, and the curve is
symmetric. Fig. 12b refers the fidelity of Bell state using repetition code. We note that fidelity increases with the order.

(2(2k+1)

i

i1 2k 1Y [2k+1
Jori=k+1,...,2k
fli)= (( j )(f—j)) 24

Ofori=2k+1
22k +1) —i),fori > 2k + 1 (bell state)

),fori—O,l,Z,...,k

0 fori > 2k + 1 (product state)

From Fig. 12, we can see that the fidelity of bell state has a symmetric pattern, which we will discuss in the next section.

4. Fidelity improvement for short-distance communication using stabilizer formalism and a classical communication
based protocol for long-distance communication

In this section, we shall decode the encoded noisy bell pairs using stabilizer formalism. We shall show that, in short-distance
communication, we can correct all the bit flip errors but due to the requirement of nonlocal gate, we cannot do the same for long-
distance communication. However, in the end of the section, we will propose a novel scheme where all the bit flip errors in long-
distance communication too is correctable if a classical communication channel is available.

4.1. Stabilizer for QRC based encoded bell pairs

We first note that, if a bell state is encoded using (2k +1) repetition code, then X*2(2+1) stabilizes the state. [p,) = (X ® X,Z® Z)
but |y, ) is stabilized by Z ® Z with a global phase factor. Now, Eq. (11) states we can convert |, ) state into other bell states and vice
versa. Thus, we can convert other bell states into |¢, ) state then encode before sending through channel.

Now, since X®2(2k+1) stabilizes encoded |¢, ) state (let’s denote by |p2*1)), we will prove that two Hermitian and unitary Pauli error
E; and E, will have the same effect if EjE, = X®2(2k+1),

Since E1E; = X®2(2k+1) | we have E, = E;X®2(2k“) = Fp X®2(2k+1)

Now, E; |¢%rk+1> — E1X®2(2k+1) }(PikH) or E; |¢ik+1> — E2|(Pik+1>~

So, bit flip errors are tensor product of some X and I, therefore they are both unitary and Hermitian (since (A ® B)' = AT @ B). It
explains the reason why in Eq. (24), f(i) = f(2(2k +1) —i), [i > 2k +1] for bell states although f(i) = 0, [i > 2k +1] for arbitrary product
states.

After some quick calculation we obtain a general representation of |<oik“> as,

10
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1
V2
There can be separate representation of generators of stabilizer. For example, in 3 qubit repetition code,
|‘ﬂi> = <21227Z1237Z1Z47ZIZS721 Z67X%> = <Z1Z27ZIZS7Z4Z57ZSZ67Z3 Z47X®6>-
2k+1y has total 2(2k 4-1) generators in stabilizer group. Therefore, it has the ability to detect 4(2k+1)

T
different type of errors. In addition, if two errors have the same error (i.e., product of these errors are in stabilizer group), then they

|(pik+l> _ (|O>®(2k+l)|0>®(2k+l) + “>®(2k+1)|1>®(2k+1)) = (2120, 2025, .., 2y Zaaisn), XZ2OKHD)y

But it is important to note that ‘(/}

have the same effect, which enables us to correct even more than 4(%**1) errors. Now, we note that for (2k +1) repetition code

implemented on bell states, there Krauss operator for bit flip channel is given by F? = {VPX,\/1-pI }M(Zkﬂ). The cardinality is given
by |Ep| = 22(k+1) = 4(2k+1) But we have proved that half of them can be written as E, = E;X®2(2+1), Therefore, the number of unique
bit flip errors are 4%, and thus we have the ability to differentiate 42 more.

4.2. Computational results for stabilizer formalism in encoded bell pairs and Error Correcting Algorithm

We have derived the stabilizers for encoded Bell pairs in the previous section. In this section will show that this encoding can detect
all possible bit flip errors separately. In this regard, we have encoded the Bell pair using 3 qubit repetition code.

After encoding, we have varied our channel (following our scheme in Fig. 8) to consider all possible bit flip errors and determine
corresponding syndrome.

For syndrome measurement we have implemented the subcircuit of Fig. 5 for all the stabilizers: Z; Zs,Z1 23,21 Z4,71 75,71 Ze,X°. For
this particular set of stabilizers, we have also provided an Error Correcting Algorithm as well. Fig. 13 shows the circuit implementation
for encoded bell state with subspace measurement after channel for 3 qubit repetition code.

We note that each of the errors has a distinct set of stabilizers. So, we should be able to correct them also. Keeping in mind that X;
error (X; =I® ... ®X® ... ® I, X in the i position and rest is I) and X®2(**1)X; = X ® ... ® [ ® ...X are same error, we note that, if we

alice_subspace_qubit, |0>

alice_subspace_qubit; |0>

alice_subspace_qubit, |0>

alice__qubit [0> —. L .—.

ancilla_qubit_alicey |0>

ancilla_qubit_alice; |0> &

bob_qubit [0> ——&3 L . .—ﬂ

ancilla_qubit_bobg |0>

ancilla_qubit_bob, 0> © B iy

bob_subspace_qubity [0>

bob_subspace_qubit; [0>

bob_subspace_qubit, [0>

6
subspace_measurement_result 0

alice_subspace_qubity |0> 3

alice_subspace_qubit; |0> 6

alice_subspace_qubit; [0> L+

alice__qubit |0> &

ancilla_qubit_alice, |0> &

ancilla_qubit_alice [0> &

bob_qubit [0>

ancilla_qubit_bobg |0>

ancilla_qubit_bob; 0> -ﬂ
bob_subspace_qubit [0> . .—E
bob_subspace_qubit, [0> . ._n

bob_subspace_qubit; |0> . .—?
subspace_measurement_result 0 AL 2 1 L
Fig. 13. Stabilizer syndrome detection for encoded bell state. Total 6 syndromes are measured here. This is a single circuit, which has been split in
order to fit within a single figure.
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Table 1

Lists all the bit flip errors with the syndromes. It has been generated by simulating the circuit shown in Fig. 13
for different sets of bit flip error.

Error —— > Syndrome Error —— > Syndrome

ITITTITI-——>41+1+1+1+1+1 ITXXII-—->+1-1-14+141+1
XIIIII- ->-1-1-1-1-1+1 ITXIXI-—->+4+1-1+1-1+1+1
IXIIII-—-—>-1+14+1+1+4+1+1 ITXIITX— —>4+1-1+14+1-1+1
ITXIII-->+1-14+1+1+4+1+1 ITIXXI-—->+1+1-1-1+1+1
ITIXII-—->+1+1-1+1+41+1 ITIXIX— —>+4+1+1-14+1-1+1
ITITXI-—-—>+1+14+1-14+1+1 ITITXX- —>4+1+1+1-1-1+1
ITITIX- —>+1+14+1+1-1+1 XXXIII-~->+1+1-1-1-1+1
XXIIII-->+4+1-1-1-1-1+1 XXIXII-—->+1-1+1-1-1+1
XIXIII-—->-141-1-1-1+1 XXIITXI-—->+1-1-1+1-1+1
XII1XI1I—->-1-1+1-1-1+1 XXIIIX- -—>+1-1-1-1+4+1+1
XIIIXI-—->-1-1-1+1-1+1 XIXXII-—->-1+14+1-1-1+1
XITIIIX-—-—>-1-1-1-1+4+1+1 XIXIXI-—->-1+1-14+1-1+1
IXXIII-—->-1-14+14+1+1+1 XIXIIX-—->-1+1-1-1+4+1+1
IXIXII—-—->-1+1-14+14+1+41 XITXXI-—->-1-14+1+1-1+1
IXITXI——->-1+14+1-141+41 XITXIX-—->-1-1+1-141+41
IXIIIX- —>-1+14+14+1-1+4+1 XITIXX-—->-1-1-14+1+4+1+1

rotate the syndromes clockwise, then we put classically control NOT gate in the position where ¢; = + 1, then the error becomes
canceled.

For example, if the syndrome is { + 1 —1 +1 —1 —1 +1} then we first rotate clockwise givingus{+1 +1 -1 +1 —1 — 1}. Now +
1 is in the position 1, 2, 4. From Table 1, we see this is the syndrome for the error X; X»X, = XXIXII. Since the errors are both unitary
and Hermitian, we can apply classically controlled NOT gate in position 1,2, 4 to nullify the error. Note that according to Eq. (42),
f(3) = 0 for 3 qubit repetition code. But using the stabilizer formalism, we have been able to distinguish the error as well as correct it.
Thus, Bell states are in fact able to correct all possible bit flip errors.

Another example is, for syndrome {+1 +1+1 —1+1 + 1}, by rotatingwe get { +1 +1 +1 +1 — 1 + 1}, which represents
X1X5X3X4Xg error, hence also X5 errors.

4.3. Encoded bell in short and long-distance communication: a comparison

In section 4.2, we have demonstrated that every possible bit-flip error is correctable. However, it doesn’t mean we can always

measure all the syndromes, which is a requirement for 100% fidelity. For short-distance, the local encoded bell pairs can provide all the
syndrome measurement. But for long-distances, it is not the case.
At first, we will analyze some points.

1) For product states, the stabilizer set can be written in the following form: (Z1Z,, Z1Z3,

cons Z120k 115 Zok 1222kt 3y Zok 1222k 14y +--s
Zok12Z2(2k+2))-

The cardinality is 16X. Therefore for 3 qubit repetition code, there can be 16 distinct syndromes only. And we already know that it
can correct exactly (6Co +6C; +3C; x3Cy) = 16 errors. Thus, the decoder for repetition code is sufficient for the product state. But for
bell states, the decoder circuit is not sufficient at all, using stabilizer formalism we can, in fact, correct all possible bit flip errors.

2) For phase flip errors, even the number of phase flips are already in stabilizer set of encoded bell state, hence correcting these errors
are not necessary, in fact they don’t result in errors at all. Therefore, we can eventually distinguish 2%-1 more error which are not
only bit flip or phase flip. It gives us a huge list of error correcting ability.

3) For encoded Bell pairs, the stabilizer generators are given by the following: (Z1Z5,2173, ...,Z1Z0k 1, Zok+2Zok+3, Zok12Zok 14, - -+

Zok12Z(2k+2), Zops1Zaks0, XZ22k+1)) They are very similar to product state except there are two extra stabilizers: Zo, i Zok.2,
X®2(2k+1) Due to X®2(k+1) | we get a symmetric curve for fidelity. But for generic bipartite entangled state (not Bell state), it is not a
stabilizer. But we still have an extra stabilizer: Zoy, 1Zok 2, which required control gate between both Alice and Bob’s side, which is
indeed a non-local operation. If Alice and Bob stay at a distance, where the controlled Z gate cannot be implemented, then it is not

possible to determine the corresponding syndromes. Therefore, for long-distance communication, we cannot correct some errors
due to our inability to perform such operation.

From cases (1) and (3), we understand that entanglement state in general behaves same as product states for long-distance

communication. Therefore, fidelity is also limited by repetition code fidelity. However, for local entangled states, we can correct
more errors.

12
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4.4. Encoded bell in long-distance communication with classical communication channel

In previous sections, we have discussed how using the same encoding (QRCs) for bit flip or phase flip channel, we can get different
suitable decoding circuit for short and long-distance communication. For long-distance communication, half of the errors could not be
corrected due to the requirement of non-local gates. In this section, we have come up with a solution for this. To begin, suppose, Alice
and Bob share an encoded |¢% ) state.

|0} = (2122, 2125, 2475, Z5 75, Z5 Z4, X*°)

We know, all the bit flip errors commute with X®°, but to implement the stabilizer error correction, we need to know the syndrome
of Z3 Z4, but Alice and Bob live far away from each other. Alice can measure the subspace of Z; Z,, Z; Z; and Bob can measure Z;Zs, ZsZ
by using local operation. However, due to the non-locality of control Z; Z4, we can’t correct half of the bit flip errors, thus giving a
lower fidelity. Only due to X®® stabilizer, the decoder of 3 qubit repetition code can correct twice error than product states.

However, we note that, if EZ3 = mjZ3E and EZy = maZ4E, (m;,mz € {—1,+1}) then

E(Z3Z4) = (EZ3)Z4 = m123 (EZ4) :mlmz(Z3Z4)E

(Since Pauli group elements either commute or anti-commute.)

So, if Alice could measure whether E commutes with Z3 and Bob could measure whether E commutes with Z4, then by using
classical communication, they should be able to determine whether E commutes with Z3Z4. We note that E, Z3 and Z, are Hermitian. So,
we define two set of observables given by anti-commutators:

O] = {Eﬂ23} = (1 +m1)Z3E, 02 :{E7Z4} = (1 +I’I12)Z4E

It is easy to show that both O; and O, are Hermitian. Now anti-commutator is 0, when two Hermitian anti-commutes with each
other. Keeping that in mind let us calculate O = [0;,0]. If O = 0 then there exist a simultaneous eigen-basis where we can measure
both 05, O, simultaneously. Now,

02[01702]:(1—’-}”1)(1+Wl2)(l’ﬂ2—m1)Z3Z4 (25)

We note that for (m;,my) € {(- 1, —1),(-1, +1),(+1, —1),(+ 1, + 1)}, Eq. (25) always results in 0. Therefore, we can always
measure both O;, O, simultaneously, meaning we can simultaneously measure the commutative property, thus measure m;m, by using
classical communication. This enables us to obtain all the necessary stabilizer syndrome.

So, if we want to obtain similar fidelity in long-distance communication, then we can obtain this using classical communication.
Fig. 3 states our proposed protocol for long-distance quantum communication with bit flip or phase flip quantum channel along with a
classical communication channel.

For arbitrary quantum channel, we need to encrypt Bell pair using nested or other form of encoding process. After that the similar
procedure can be followed.

5. Quantum thermodynamical reasoning behind fidelity improvement

Von Neumann Entropy is defined as S(p) = — Tr[p log, p]. For pure state the entropy is zero. So, for both bipartite product state and
bipartite entangled state of particle A, B, we have Sy = 0.

Now we define conditional entropy, Sajp = Sag — Sa. If we assume A particle is Alice’s and B is Bob’s, then Sy is the information
that Bob doesn’t know after observing his qubit.

Similarly, we define mutual information as, I(A, B) = Sy — Saz, which is the information we can learn about A by observing B, and
vice versa [Since I(A,B) =I(B,A)].

For product state, p,; = p, ® pg and p,, pp are pure states. Hence Sy = Sg = 0 too. Therefore, both conditional and mutual in-
formation is zero, i.e., Sup = 0,I(A,B) = 0.

However, for entangled state we have Syp = —Sp < 0 and I(A,B) = Sa + Sp > 0.

Therefore, for entangled states we have some mutual information. When we designed the QRC, we created entanglement between
the main qubit and ancilla qubits. Due to the mutual information created in this process, we were able to reduce the error after passing
through the channel. When the main qubit gets entangled with ancilla, the Von Neumann Entropy is zero. However, after passing
through channel, the state becomes a mixed state and the Von Neumann Entropy rises. But during the decoding, Mutual Information
helps to get rid of the errors, therefore mutual information is a key point for Quantum Error Correction. However, to retrieve the
benefit of it, we demand the whole system to be localized, not separated by long-distance. This is the reason why entangled systems
separated by long-distance doesn’t help much, the mutual information cannot be retrieved without any non-local operation. The more
mutual information the system has, the more errors can be corrected using proper encoding. In stabilizer formalism, this was related to
the number of stabilizer generators, which depends on encoding as well as the mutual information.

6. Conclusion

In this work, the error correction in entangled state is studied in detail from different angles and the proposed results suggest the
significant improvement of fidelity for all the cases. We have investigated how the error correcting ability changes in different
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scenarios: short-distance communication, long-distance communication (no classical communication), and long-distance communi-
cation with classical communication channel. The idea of long and short distance communication is used from laboratory perspective.
If the entangled state is local or can be localized at distance so that our equipment’s are capable of performing controlled unitary
operation, then we have considered it short distance. When we cannot bring the entangled states closer to perform control unitary
measurements, then we call them to be located at long distance. The error correcting abilities seem to change significantly for long and
short-distance. As a result, separate models subjected to QRC based encoding has been proposed for long and short-distance. Using
Stabilizer Formalism, we have demonstrated that in long-distance communication, fidelity is limited by QRC, but the fidelity
improvement after channel noise is significant. A novel model using local subspace measurement and classical communication for
long-distance communication has been proposed given proper subspace measurement and classical communication channel is
available. We have shown how encoded local entanglement state can correct all single bit flip or phase flip errors, which makes an
enormous improvement in fidelity compared to QRC. This result is very strong and shows how powerful Error Correcting codes are and
how entanglement actually increases the error correcting ability. We have generalized all the circuits and protocols; then calculated
the fidelity for both single qubit and bipartite quantum state. We have verified our analytical results using QASM Simulator. The
described procedure can be quite impactful for QECC based applications and computations. For simplicity, we have devoted our work
for bit flip and phase flip errors only; for arbitrary errors, nested encoding (cascading bit flip and phase flip code) is required. In further
endeavor, we would like to extend our work for arbitrary quantum channel. Results, presented in this work, can be imperative for
designing new generation quantum repeaters and other relevant applications.
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