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ABSTRACT

Quantum state swapping is required for long-distance quantum communication. Quantum state swapping
protocols are based on the quantum controlled-NOT (CNOT) or similar quantum logic operations, which are very
difficult to implement experimentally. Here we present a feasible scheme for the implementation of quantum state
swapping based on planar lightwave circuit (PLC) implementation of quantum CNOT gate. This quantum gate is
realized by using the Mach—Zehnder interferometer. By using planar lightwave circuit in implementation, the width
of waveguides and the length of CNOT gate were 12 microns and 2.8 cm, respectively.
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QUANTUM STATE SWAPPING IN OPTICAL QUANTUM COMMUNICATION USING
MACH-ZEHNDER INTERFEROMETER

1. INTRODUCTION

Quantum state swapping is used in quantum computation and long-distance quantum communication [1].
Storage, transmission, and transformation of quantum states are basic procedures in quantum information processing
and quantum computing. Photons are considered the best carriers for transmitting quantum information, whilst atoms
can be used as “quantum memory” to store qubits. Any interaction of two subsystems can generate a compound state
of a combined system [2].

Recently and increasingly, investigations have explored the possibilities of performing quantum state swapping
in linear optics and solid state materials. Based on linear optic elements, a scheme was presented to perform
entanglement swapping with intense, pulsed, quadrature entangled beams using direct detection [3]. An optical fiber
entanglement source with bright, pulsed light [4] and some optical component, such as polarization beam splitter,
half-wave plate, or 50:50 beam splitter, were used in this experiment [3, 4]. By using a class of qubit networks with
on-site Coulomb interaction, it is possible to perform quantum state swapping between two distant electrons with
opposite spins [5].

So far, no quantum state swapping based on planar lightwave circuit technology for integrated optics has been
reported. The proposed method has the potential of being more compact and easily realized compared to linear optics
implementation and is suitable for integrated optics.

The impossibility of isolating a physical system completely from its environment represents a major difficulty in
the experimental realization of quantum information processing devices [6]. Quantum decoherence is created due to
interaction between quantum system and its environment. A quantum repeater is used to overcome the decoherence
problem in long distance quantum communication. Quantum repeaters are very important in quantum
communication and quantum information processing due to their relevance in extending the distance of quantum key
distribution, and as resources of entanglement over long distances, which, for example, may be used in quantum
teleportation or quantum computer networks. The quantum repeaters perform a unitary transformation: given an
input state, the entanglement properties of the state can be preserved for output at another physical location. The
point is that the signal can become lost due to attenuation, scattering, or absorption, or it can obtain errors, for
example, due to depolarization or dispersion in an optical fiber. Quantum memories allow the creation of
entanglement independently for each link. This entanglement can then be extended to the full distance using
entanglement swapping [7]. The idea of the quantum repeater is analogous to the classical scheme for signal
transmission: divide the channel into N segments through which a suitable threshold of signal- to-noise ratio (SNR)
can be met so as to regenerate the information and send it along another segment of the channel. The basic process of
quantum repeater involves entanglement generation, purification, and swapping [8].

2. QUANTUM STATE SWAPPING

It is possible to entangle two photons that have never interacted before by using two down-conversion sources
and then subjecting one photon from each entangled pair to a Bell-state measurement. This causes the other two
photons, which have never interacted, to become entangled. Quantum state swapping can be achieved by cascading
three quantum controlled-NOT gates (Figure 1).
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Figure 1. Schematic of quantum state swapping

From a practical point of view, the most important drawback of this scheme is that it requires the CNOT
operation. Although certain quantum logic gates have been experimentally demonstrated in physical systems such as
ion-traps [9] and high-finesse microwave cavities [10], up to now there has been no implementation of CNOT gates
that could realistically be used for quantum swapping in the context of long-distance quantum communication. In the
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next section, a novel approach to implementation of quantum NOT and CNOT gates is presented. This
implementation is based on planar lightwave circuit technology and is suitable for integrated optics. By using this
CNOT gate, the general quantum state swapping method that does rely on the CNOT operation will be feasible.

3. QUANTUM STATE SWAPPING IMPLEMENTATION

The basic Mach—Zehnder interferometer is shown in Figure 2. In this device, a single input is split between two
waveguides. The spacing of the waveguides is so that evanescent coupling does not take place.
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Figure 2. Mach-Zehnder interferometer

The two outputs are added together in a single output guide where the two waves interfere, with the amount of
interference depending upon the difference in propagation time along the two limbs. The propagation constant of the
two guides can be changed differentially by using the electro-optic effect to change the guide refractive indices. A
DC bias can be applied to equalize the phase difference of the two limbs in the absence of a modulation voltage. An
interferometric modulator using LiNbO; with bandwidths up to 40 GHz has been reported and it has a considerable
future in optical communication and computation [11]. The transfer function matrix of this element is

cos(g) j sin(g)
ue ¢ @
] sm(E) COS(E)

where ¢ is the phase difference between the two limbs of the modulator that adjust by applied voltage. Another way

of producing phase difference between the two limbs of the modulator is by using a Kerr-like nonlinear waveguide.
In the Kerr-like medium, the intensity of electromagnetic fields changes the refractive index of the waveguide and
provides phase shift.

3.1. Implementation of Quantum NOT Gate
Qubits can be realized by two normal modes of dual-mode waveguides, such as the zero logical state |O>
encoded into one normal mode, TM,, and the logical one |1> given by other orthogonal normal mode, TM, (Figure

3). A qubit’s state space consists of all superpositions of the basic normal modes |0) and|1).

TG

Figure 3. Electric-field profiles for TMO and TM1 modes

As mentioned above, in this paper, an all-optical method is proposed for implementation of quantum gates.

Realization of quantum NOT gate using Mach—Zehnder interferometer is shown in Figure 4. By applying the
suitable V4 to the electrodes, we can adjust the phase difference between the two limbs of the modulator.
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Figure 4. Realization of quantum NOT gate using Mach-Zehnder interferometer

With due attention to Equation (1), the relation between input and output of Mach—Zehnder interferometer is
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If ¢ =0, then all inputs are unchanged at the gate output, but if ¢ is adjusted to the value of 7, the modulator acts as
a quantum NOT gate. All inputs to |0) appear as the |1) output with an additional phase and vice versa.

Superposition states are generated by adjusting the phase difference. For example, by choosing ¢ = z/2, we have the
following states:

ly) =—=(0)+ i[1)
’ f 3)
v2) =5 (i10)+|1)

The beam propagation method (BPM) simulation results for quantum NOT gate are shown in Figures 5 and 6.
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Figure 5. Quantum NOT: |0) —|1)
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Optical Field Propagation
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Figure 6. Q uantum NOT: |1> - |O>

3.2. Implementation of Controlled NOT Gate
In the CNOT gate, if the input control bit is |0) , then the control bit and the target bit do not change. In other

cases, for input control bit |O> , the target bit changes as below:

[0>—>|1>
“

[1>—>1]0>

Both the coupled mode theory and the Mach—Zehnder interferometer are used for implementation of this gate.
The planar lightwave integrated optics of this gate is shown in Figure 7. There is a coupling region in this scheme.
The length of this coupler is designed for power transferring between two couplers for TM; mode. The electro-optic
material, such as LiNbOs , is used in the limbs of the modulator. Two electrodes are placed on two limbs. When the
optical power is detected at the coupler output, the applied voltages on the electrodes are adjusted as the phase
difference 7 is created between the two limbs of the modulator. If there is not any optical power on the output
branch of the coupler, then the applied voltages on the electrodes are adjusted as the phase difference 0 is created
between the two limbs of the modulator. When |O> is present at the control bit, the intensity of the qubit is never

coupled into the output of the coupler. Therefore, the control and target qubits are left unchanged. When |l> is

present at the control bit, the intensity of the qubit is coupled into the output of the coupler. Thus, a phase shift of =
is created between the two limbs of the modulator and the states of the target bit will be flipped, namely |0>—> |1)

and |l>—>|0> .
E Coupler
Control bit
T~ Electrode
i Target bit

Figure 7. Controlled NOT gate realization. The width of waveguides is 12 um. The length of coupler is 200um,
separation between coupler waveguides is 11 pm and gate length is 2.8 cm

The beam propagation method (BPM) simulation results for quantum CNOT gate are shown in Figures 8 to 11.
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Figure 8. CNOT quantum gate: |00) —|00)
(a) optical field amplitude, (b) input electric field profiles, (c) output electric field profiles

L e S T

(b)

(c)

Figure 9. CNOT quantum gate: |01) —|01)
(a) optical field amplitude, (b) input electric field profiles, (c) output electric field profiles
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Figure 10. CNOT quantum gate: [10) —|11)
(a) optical field amplitude, (b) input electric field profiles, (c) output electric field profiles
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Figure11. CNOT quantum gate: |11) —|10)
(a) optical field amplitude, (b) input electric field profiles, (c) output electric field profiles

3.3. Implementation of Quantum State Swapping

In this section, the scheme of quantum state swapping presented in Figure 1 is realized using three cascading
controlled-NOT gates. Implemented quantum state swapping is shown in Figure 12. Simulation results are presented
in Figure 13 and Figure 14. In Figure 13, states |0) and |1) have been applied to upper and lower branches,
respectively. In the output of the scheme, states |1> and |0> appear in the upper and lower branches, respectively.

These results show that quantum swapping has been performed successfully. Figure 14 shows the result for inverse
states.

Y

Figure 12. Implemented quantum state swapping
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Figure 13. Quantum state swapping: [01) —|10)
(a) optical field amplitude, (b) input electric field profiles, (c) output electric field profiles
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Figure 14. Quantum state swapping: [10) —|01)
(a) optical field amplitude, (b) input electric field profiles, (c) output electric field profiles
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4. CONCLUSION

In conclusion, we proposed an all-optical method for implementation of the quantum NOT and CNOT gates. By
using planar lightwave technology, all single qubit and double qubit quantum logic gates are feasible. By using a
dual mode waveguide Mach—Zehnder interferometer and directional couplers, we proposed a fully optical method to
perform quantum NOT and CNOT gates as the basis of quantum state swapping.
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