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ABSTRACT

In this thesis, the study of the entanglement of photons based on a Mach Zehnder
interferometer is described. The entangled photons are generated when polarized light propagates
into one arm of MZ], which is pumped via a LiNbO,. The principle of the technique is that a CW
laser output is launched into the classical Mach-Zehnder Interferometer then modulated via a
LiNbO,. A new technique of the entangled photon pair generation using an all fiber optic scheme
is also investigated. The proposed system consists of a fiber optic Mach-Zhender Interferometer
(MZI) incorporating a fiber optic ring resonator. The advantage of such a system is that it requires
a simple arrangement without any optical pumping part or bulky optical components. Polarized
light pulse trains are launched randomly into a MZI, one part of light is delayed in the longer
path. The output pulses from both arms of the MZI enter a fiber optic ring resonator. A
polarization controller controls polarization states of light pulses while they circulate in the ring
resonator. The superposition of the nonlinear light pulses in a fiber optic ring resonator randomly
occurred. These forms are seen on the avalanche photo detectors. The results are in good

agreement with the theoretical prediction.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Quantum entanglement is a physical resource, like energy, associated with the peculiar
nonclassical correlations that are possible between separated quantum systems. In effect, the very
possibility of considering a particle or system as possessing objective properties depends on its
entanglement with another particle or system. Quantum entanglement has been widely studied
and investigated during the 1990s. The Austrian-born Erwin Schrodinger, who in 1933 shared the
Nobel Prize with Paul Dirac, introduced the conventional idea. Albert Einstein proposed a
situdtion that came to known as the EPR (Einstein-Podolsky-Rosen) paradox, where he called
attention to the fact that while it was impossible to know whether a single photon would pass or
be absorbed by a filter paired photon. Would a subject to the same polarization test always being
entangled. The experiment simply succeeded, where the entangle went of a single/two photons
was observed and this has been used in some applications in quantum cloning, quantum
teleportation, measurement and cryptography.

Quantum information was theoretically well established by Bennett et al. [1]. The proposed
scheme was also presented for quantum cryptography by the same authors [2, 3. This area of
research has now been now investigated theoretically [4] or experimentally. It is expected that the
implemented systems will have a wide range of applications in the near future. The applications
of the phenomena include quantum cryptography, quantum teleportation [5], quantum key and
quantum CODEC (code and decode). Zellinger et al. [6] have demonstrated that photon can be
transported using a classical channel by a Mach-Zhender Interferometer (MZI), where photons in
linear or circular polarization states can form the entangled pairs. Quantum cryptography through
free space, wireless or optical fiber has been reported. Weinfurter et al. [7] have shown that
quantum cryptography can be realized by using a single photon transmission in a light wave
channel. Recently he has demonstrated that the four states of polarized light can be form quantum
cryptography using such a simple arrangement. Suchat and Yupapin [8] have also shown that by
using a classical MZI with one arm modulated by a LiNbO, crystal a single photon can be
generated. Brendel et al. [9] have generated pulse polarization entanglement or pulse energy time

entanglement by MZI in a delay circuit. Takesue et al. [10] have also shown the same results

~



using Michelson interferometer. Silberhorn et al. [11] have reported on the generation of a
continuous variable entanglement using an optical fiber interferometer, where the Kerr
nonlinearity in the fiber is exploited for the generation of two independent squeezed beams. Since
the nonlinearity of optical ring resonators has shown great promise for a variety of applications
such as optical time delay [12] and optical switching [13].

This research is present the quantum entangle photons via the transmission by using a
classical channel via Mach-Zehnder Interferometer (MZI), in which data between two orthogonal
states. The two states are horizontal (H) and vertical (V) polarization a photon. In this, using the
time bin entanglement is in optics. We have made a similar system to that described in reference
[11] but we use a nonlinear fiber optic ring resonator for the delay and interference signals.
Which ‘when polarized generates the pulsed polarization-entangled photons. This is a new scheme
that uses an all fiber optic system without any optical pumping part from polarized light pulses.
We have demonstrated that an all fiber optic MZI incorporating a nonlinear fiber optic ring
resonator can be used to generate pulsed polarization-entangled photon pairs. Which are based on

the conventional time-bin entanglement arrangement [9].

1.2 Objective of the Study
This research is conducted in order to
1.2.1 Study process of Mach Zehnder interferometer.
1.2.2 Study the quantum entangle photons

1.2.3 Study the time bin entanglement.

1.3 Scope of Study

The aim of this study is to show that the entangled photons study based on Mach Zehnder
interferometer, and then we will show properties of the experiment methods. We will then make a
conclusion the properties of each method.

Formulating a written thesis was based on the information presented here and involved the
following procedures. In chapter 2, we provided the theoretical background, which involved
definitions and theorems, which were later used in chapter 3. Chapter 3 focused on presenting
information which showed that the time bin entangle photon is a well posed theoretical and

method of the experiment. In chapter 4 we presented experiment of Mach Zehnder interferometer;



entangle photons and time bin entanglement photon respectively. In chapter 5 we presented
results and discussion for this the experiment set up in Mach Zehnder interferometer and

entangles photons. Finally, we made a conclusion and suggestion in chapter 6.

1.4 Process of the Study
1.4.1 Study the theory of Mach Zehnder interferometer.

1.4.2 Study the theory of quantum entangles photons.

1.4.3 Study the theory of the time bin entanglements.

1.4.4 Set up on the Mach Zehnder interferometer, quantum entangles photons, the time bin
entanglement.

1.4.5 Conclude and discuss the results

1.5 Expected Results
1.5.1 Important physical meaning; i.e state of quantum and entangle photon will be clearly
understood.
1.5.2 Effects of temperature, intensity, modulation frequency, and external applied will be
acknowledged.
1.5.3 Potential advantages of Mach Zehnder interferometer and entangle photon are

utilized.



CHAPTER 2

THEORETICAL BACKGROUND

The main objective of this study is to understand the interferometer, photons, fiber optic
Mach-Zehnder interferometer and fiber optics ring resonator, in this chapter, the important

theories are presented.

2.1 Interferometer

2.1.1 Beamsplitter
We assume that the input beam is a traveling coherent statelAin) . A beamsplitter will
maintain the mode properties. The frequencies of the light, the size of the beam, the curvature of
the wavefront are all preserved. The direction of propagation is given by geometrical
considerations. The polarizing properties of the mirror can be neglected by assuming that that the
incoming light is either P or S polarized. The calculation for a different polarization is treated as a
linear combination of these special cases. Thus a beamsplitter can be simply described by a
transformation from two input modes |Ain> and |Au> into two output modeIAt) and|Ar> . The
properties to consider are the numbers for the photon fluxN,, ,N, ,N,and N, and the
variances of these modes. Using the convention for the properties of a beam splitter, we describe

the proper of the beamsplitter by the intensity reflection coefficient € [15]

>
£

T
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Y ~

I Ain)

| | Ar)

Figure 2.1 The beamsplitter in the quantum operator model.



When the beam splitter matrix is,

2.1

M=[ Vs Ji_)
N

We can use a matrix definition for the definition of a beamsplitter,

- )

The reflected and transmitted modes are set respectively as

A, =eA, +1-¢€A,
A, =J1-eA, -EA, (2.3)

The variance of the photon flux of the reflected mode can be calculated directly as:

VN, =(ATA,A1A )~ (A1,
= ([VeAL + VI—eA! JVeA, +1—¢€A,
(¢ X )
(VoAL +fT=oAt JVehy +V1—cA, )

ALA AgnA Aga \2
VN, =(ATA A1) ~(A1A,)
= ((VI=eAl, ~VeA! Ji-<A, ~eA,)
(i=eAL - VoAl JVI=¢A,, ~EA, ) (2.4)

for the case of a simple beamsplitter we can set [Au>=|0> . A total of 16 terms appear in the
expansion, each term contains a sequence of four operators. This expression can be simplified. In
particular all terms which contain 3 operators of one mode and 1 operator of the other mode have

the expectation value 0. Other terms have to be expanded using the commutator rules, and the

equation simplifies to



Vi, =eVl,, +({1-g)Vly
Vi, =(1-¢g)Vl,, +eVl,, (2.5)

For a simple beamsplitter the result obviously does not depend on the quadrature of the vacuum.
It should be noted that equation (2.5) also holds if a squeezed vacuum state enter through the
unused, second port. In this case the quadrature which is detected is of importance. It will depend
exactly on the type of mirror that is used, that means the actval phase shift between the

transmitted and the reflected light.

2.1.2 Mach Zehnder interferometer

Generally, the operating medium can be considered the quantum can be use to described
the optical behaviors. The quantum property of devices is very impressive because the device
dimension can be reducing into atomic size with very large capacity of information.

The input signal can be modulated with baseband signals and carrier then multiplex
before entering to the instrument. All information can be transformed into a light beam and
transmit to the destination. The selection of the required information is formed by the optical
signal processing technique.

An interferometer is an instrument that has been widely used either in classical or

modern optics. The quantum model of the Mach Zehnder interferometer is as shows in Figure 2.2

| |an) | a1)
%_j o

Figure 2.2 Description of an interferometer in the generalized model



The interferometer is illuminated by a modelAin) , inside we have the modes
|AI) andlAII) . After recombination we have the two output modesIAl) and|A2> which are
detected individually. As with the classical model the case of a Mach Zehnder interferometer with
a phase difference Adis treated first. The results can be generalized to any other interferometer
and to application where A¢ is a function of time or space. The internal states are linked to the

input states via

A1) = T, | Ain) - &, Aw)
|ATl) = |/, |Ain) +/1-¢, | Au) (2.6)

The out put state are liked to the internal states via

|A1) = exp(iAp}/1 -, |ATL) - e, | AT)
|A2 exp(iAd /e, | AL +/1-¢, | AT) @.7)

. 1 . .
For the balanced interferometer we can set €, =€, = Py and the equation can be combined to

|A1) = exp(ia¢/ 2)(cos(Ad/ 2) Ain) — isin(A¢/ 2] Au)
|A2) = expliag/2)isin(A¢/2) Ain) + cos(A¢/2) Au) (2.8)

In order to determine the photon flux, for example at output Az , we have to evaluate the operator

N,, =AlA, =sin?(A¢/2)AL A, +cos?(Ap/2)ATA,
—isin(A¢/2)cos(ad/2)ALA, —ALA, ) 2.9)

The last term in this equation describes the interference one would expect in the presence of a
second laser beam illuminating the input portIAu) . When expect input state is the vacuum state

the expectation value for this term is, of course, zero. In addition, the value of <Alf&u> is zero

since the vacuum input has no photon flux. Thus the average intensities at the two outputs are

simply



N,, =N,; cos*(A9/2)
N4, =N, sin?(A¢/2) (2.10)

The interferometer distributes the energy between the two output ports. The ratio of the
distribution can be adjusted by the differential phase Ap. The calculation of the fluctuations

requires the evaluation of
nen Agn nyn \2
VN, =(A14,A14,)-(A14,) @.11)

in these calculations we have to evaluate expectation values for the square of the last term of
equation (2.9), which is non zero, even for a vacuum state. Under the assumptions that: (i) the
second port is not used, |Au) =0, (ii) the photon flux of input beam is dominant (N ;, >>1) and

(iii) the laser beam is coherent, we obtain

VN, =cos*(Ad/2)N 5 (AX22)
VN,, =sin’(a¢/2)N x, (AX22) (2.12)

The fluctuation of the two outputs is proportional to the average photon fluxes. The sizes of the
fluctuations reflect the division of the flux between the two outputs. The output can be interpreted
as a beat between the coherent input beam and the vacuum state with (AX2‘2,>=1. For an

interferometers with one input beam we obtain

V1,, =cos*(A¢/2)
V1,, =sin?(A¢/2) (2.13)

2.1.3 Noise properties of interferometers
For small change 8¢ of phase shift (8¢ << 7t)the change in the optical flux at the
detector is equal to the first derivative of the output photon flux in regard to the phase multiplied

with 8¢ [15]

84) 8(1) ( A2)

= 5¢2cos(A¢/2)sin(A«1>/2)-;-NAin ~ -Azi’sin(Acp)NAin (2.14)



An AC detector measures the signal powerp ;, , which is proportional to the square of the change

in optical power and includes T, the inverse of the detection bandwidth.
8¢ :
Psig =(7sin(A¢)Nm) (2.15)

Where 3¢ is the small phase shift (8¢ << ) the signal can be compared with the variance of the

photon number, or the quantum noise on the detector
pqnoise = VNAZ = Si112 (A¢/2)NAmt (216)

And we can evaluate the signal to noise ratio

__sin’(A}) 8¢°
e/ g @17

Which has the largest value when A = 0,27t where the output optical power is at a minimum.
The phase change A¢ is introduced in the interferometer system relating to the optical
path difference between two paths of traveling light along the modulated medium. The output
signals characteristics are studied in order to use to model for optical signal processing devices
such as filter, switching, multiplexer / demultiplexer etc.
The term of phase change A¢ can be induce by force, vibration, temperature or electro-
optic application on one path of traveling light which can be replaced by variety of optical fiber or

optical materials, thus
Ad=-—=nl (2.18)

When A is wavelength of light source, n is refractive index and 1 is a length of the medium

1
VN sin? (A4 2)

Sdq = (2.19)
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When A¢ = 7t (dark fringe operation)

! (2.20)

8¢QNL =

2.1.4 LiNbO, modulated
The term phase change can be changed i.e. modulated by using a LiNbO, crystal with a
drive voltage from ac (alternative current) signal source. The relationship between the output

frequency and applied voltage is written in the form as [18]
V,(f) = V,(dc)107OR®" 20 (2.21)

Where OR is the optical response (in dB), f is input drive frequency and V, is voltage required
for 7t phase shift.

The detected ac signal is largest when the change in power is most rapidly changed, that

. T . . < . .
is when A = 3 at the center point between the maximum and minimum peak of the interference

fringe. The signal can be compared with the variance of the photon number, or the quantum noise

on the detector.

2.2 Fiber Optic Mach-Zehnder Interferometer

The Mach-Zehnder configuration is an intrinsic sensor based on the interference between
a sensing and a reference wave. The two-beam interferometer uses a laser diode as the source of
coherent light, which is coupled into a single mode fiber. The light is then split equally into two
fibers by a 3-dB coupler. One arm of the Mach-Zehnder interferometer is the sensing arm while
the other is the reference. The reference fiber is kept protected from the desired perturbation to be
measured and light passes through this arm normally. The sensing fiber is used to monitor the
perturbation. Two complementary outputs are available for signal processing. The electric fields

of the two light waves can be expressed as

E, =E,&" and E, = E,e'®) 2.22)



1"

Sensing Arm
Detector
Laser Diode
3dB 3dB —
Coupler Coupler 7 e
Reference Arm Detector

Figure 2.3 Fiber Optic Mach-Zehnder Interferometer

Where E, is the reference wave, E, is the sensing wave, and A¢ is the phase difference

induced by the sensing fiber. At the photo detector, the intensity is given by
1=(E?)+(E})+2(E,E,) (2.23)

Where( )represents the time integration performed by the photo detector. This equation reduces

to
1=1,(1+cos Ad) (2.24)

Where I,o0 E2and we have assumed in the ideal conditions of equal splitting ratios, no
coherence or polarization effects, and no losses.
The information is contained in the phase difference between the two waves. The phase

corresponding to a length of fiber L is
¢=kn L (2.25)
Where k =27/ A is the propogtion constant in air, A is the laser diode-emitting wavelength, and

n g is the fiber's effective refractive index. if the desired measured is X, then the change in ¢

may be represented by
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dng

dL
Ad=KkL AX +kn_, —AX 2.26
¢ ax T 4x (2.26)

If the coefficients d:;(” and S_JIZ— for the sensing fiber are known, AXcan be found from the

output signal, expressed by Equation (2.24).

In this configuration, quantities such as strain, force, pressure, and temperature can be measured
directly. Other quantities such as magnetic field, acoustic pressure, electric field, and current can
be measured indirectly by attaching the sensing fiber to materials that respond to these
parameters. The output of the sensor, Equation (2.24), is sinusoidal and is shown in Figure 2.4.
The signal goes through one period for every 27t shift in A¢p . This period is referred to as one
fringe.

Intensity
L

L/2

T T T I | T T

/2 T 3I/2 2n  5n/2  3=xm w2  4xn

Figure 2.4 Mach-Zehnder Interferometer Output

In this configuration, quantities such as strain, force, pressure, and temperature can be measured
directly. Other quantities such as magnetic field, acoustic pressure, electric field, and current can
be measured indirectly by attaching the sensing fiber to materials that respond to these

parameters.

2.3 Fiber Optics Ring Resonator

We analyze the device illustrated in Fig. 2.5. We describe the coupling of light into and out

of the resonator in terms of generalized beam splitter relations of the form
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Ez = I'El + itE3 (2.27)
E, =1E, +1tE, 2.28)

where rand t are taken to be real quantities that satisfy the relation r” +t> =1and the fields are

defined with respect to the reference points indicated in Figure 2.5. [12]

Es E,4
>< r,t

E1 E2

Figure 2.5 Geometry of a fiber ring resonator.

In addition, we describe the circulation of light within the resonator in terms of the round-trip

phase shift ¢ and the amplitude transmission factor 7 such that
E, = texp(i$)E, (2.29)

The round-trip phase shift ¢ can be interpreted as ¢ =kL , wherek =2nn/A, n is the effective
refractive index of the fiber mode, A is the vacuum wavelength of the incident light, and L is the
circumference of the fiber ring. Equations (2.27)-(2.29) can be solved simultaneously to find that

the input and output fields are related by the complex amplitude transmission

E, _ . T— rexp(— id))
E, = expli(r + ¢)]——-l ~reexp(id) (2.30)

The intensity transmission factor is given by the squared modulus of this quantity
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2
E,| 7 —2rtcos +1°
E,| 1-2rtcos$+r’?

T= (2.31)

Note that the on-resonance transmission (¢ = 0)drops to zero for the situationr =< . In this case,
the internal losses are equal to the coupling losses, and the resonator is said to be critically
coupled. For r > 1, the resonator is said to be undercoupled and for r <t the resonator is said to

be overcoupled. The phase of the transmitted light is given by the argument of (2.30) as follows:

E,

=n+¢+a tan(—m) + atan(ﬂj (2.32)

T—rcosd 1-rtcosd
Near each resonance, the phase undergoes a rapid variation with respect to the round-trip phase
shift. This round-trip phase shift may be interpreted as a frequency detuning normalized through

multiplication by the round-trip time.

2.4 Photons

The basic postulate of the quantum interpretalation is that electromagnetic radiation consists
of particle-like discrete bundles of energy called photons or quanta. Each photon has an energy E

that depends only on the frequency V of the radiation and is given by
c
E =hv=h—}: (2.33)

where h =6.626x107>*Js is Planck’s constant. Each photon interact an all-or-nothing manner; it
either gives up all its energy or none of it.

Since photons travel at the speed of light, they must, according to relativity theory, have
zero rest mass: hence, their energy is entirely kinetic. If a photon exists, then it moves at the speed
of light, c; if it ceases to move with speed c, it ceases to exist. Form, =0, the relativistic

momentum-energy relation becomes E = pc . Thus, each photon has a momentum of

E
p=—=

hv
c ¢

_b
=7 (2.34)
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From the quantum point of view, a beam of electromagnetic energy is composed of photons
traveling at the speed c. the intensity of the beam will be proportional to the number of photons
crossing a unit area per unit time. Hence, if the beam is monochromatic (one frequency), the

intensity I will be given by

number of photons

I=(energy of one photon)x -
area x time

(2.35)

Finally, we note for convenience in calculations the following expression in nonstandard units:

h=4.136x10"PeVs (2.36)
hc=12.4keV.A° (2.37)

where lev=10"keV =1.602x10"Jand 1A° =107"m.



CHAPTER 3

TIME BIN ENTANGLEMENT

The main objective of this study is to understand the entangled photons and time bin

entanglement, in this chapter, the important theories are presented.

3.1 Entangled Photons

An excited atom emits two photons that come out back to back from the Einstein Podolsky
Rosen (EPR) source [11], with vanishing angular momentum and even parity. If lx) and |y> are

horizontal and vertical linear polarization states of the photon, then have seen that

(x)+ily))
{1x)+]y)) 3.1)

are the eigenstates of helicity. For two photons, one propagating light is in the +Zdirection and

other in the — Zdirection. The states

|_>A|+>B 3.2)

are invariant under rotations about z. (The photons have opposite values ofy_, but the same

helicity, since they are propagating in opposite directions.) Under a reflection in the y-z plane,

the polarization states are modified according to

[x)=>x) , [H) >+l

9)=1y) 5 D=9 (3.3)
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Therefore, the parity eigenstates are entangled states

AR RARY, 64

=16") (3.5)

Because of invariance under rotations aboutZ, the state has this form irrespective of how we
orient the x and y axes. We can use a polarization of either photon along any axis in the xy plane.
Letlx(e)) , and |y(9)) denote the linear polarization eigenstates along axes rotated by angle

9 relative to the canonical x and y-axes. We may define an operator as (the analog of & .f )

<(0)=|x(6)/x6) -¥(e) ) 66

Which has these polarization states as eigenstate with respective eigenvalues as

|¥{6)) = (_ Sin GJ 3.7)

Let |H> and |V> be two polarization states of photon, which are sent from Alice to Bob
along two separated channels. We shall take two orthogonal states I\p +> and |\V_> , linear

combinations of |H> and| V) , to represent bit value “0” and bit value “1,” respectively:

001381
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|w+)=-j—5qH)+lV)) (3.8)
lW—)=%QH)—IV)) (3.9)
5 Detector
v - -Ds 3

$ Detector
IH) o > - Ls

s0% 4

)

-D*

50% Detector

[V)+ [H)

PBS

Figure 3.1 Schematic diagram of a single photon entangled state.

Alice sends to Bob either |\|I +> 0r|\|l_> . The two localized states, ‘H) andiV) , are not sent
together, but IV) is delayed for some time T . For simplicity, we choose T to be larger than the
traveling time of the particles from Alice to Bob,0 . Thus lV) starts traveling towards Bob only
when [H) already has reached Bob, such that the two wave packets and never found together in
the transmission channels.

We shall consider a particular implementation of our scheme. The setup (Figure 3.2)
consists of a Mach-Zehnder interferometer, with ¢, and ¢ as phase delays which and equal to
time delay. Alice can transmit an information bit by sending either from a single particle or from
short pulse of laser source, where the sending time t is random and registered by Alice for later

use. The particle passes through the first beam splitter BS1 and evolves into a superposition of
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two localized wave packets. Finally, the two wave packets arrive simultaneously to the second
beam splitter BS2 and interfere. A particle started in state ‘\p +> emerges at the detector D1, and a
particle started in state |\p_> emerges at the detector D2. Bob. The detection of the armriving
particle receives the bit sent by Alice: D1 was activated by mean of 0 and D2 mean 1, ie. he
registers the receiving time of the particle.

From Figure 3.2, consider a Mach-Zehnder interferometer when one mode of the input
polarization states is traveling into the modulator i.e. external pumping power. The coupling
mode occurs due to the change of the input orientation angle (A¢), which is caused by the
change of the optical output power. When the interferometer is at a dark fringe position, this is
different from the one used in a classical interferometer with intensity independent noise. The

reason is that the signals and noises disappear at A$= 0, while the quantum noise more rapidly

disappears.
o | Fm————— e =
| Bs1 1 1 |
: ' ' C
1 1 .
1 0 D\ ] | g 1
1 ] | i
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Figure 3.2 Encryption scheme bases on a Mach-Zehnder interferometer. LD: Laser diode, BS:

Beam splitter, Ms: Mirrors, Ds: Detectors.

Given I, =1, is the output intensity of light in Mach-Zehnder interferometer,
andl, =1, +1, =1, +1,. Consider a perfect monochromatic light source from laser diode; the

signal amplitude is expressed as in equation (3.10).

E, =421, cos(ot) (3.10)
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According to Figure 3.2, E,, i =1,2,3, 4 are the signal amplitudes of the transmitted light beams at

the given positions in MZI, where 1 is coherence length and (D is an angular frequency. Consider

that the first beam splitter (BS1), yields

E, =42I, cos(ol:t —I?OD (3.11)

.

E, =1, cos[ux[t L J (3.12)
c
1, |

E, =4I, cost o t —— (3.13)
c -

and the second beam splitter (BS2)

E, =4I, cos(co[t—-li—l'-D (3.19)
c ¢
1, L,

E, = I, cos| 0| t————= (3.15)
c ¢

We now consider E;

E; = ‘/Ii{cos(co(t —lLtl—l)] +cos(co(t bt ))} (3.16)
2 c c

E, =421, cos| ® t—m .Co! coll 1 (3.17)
2¢ 2¢

I, = <E§>t =1, cos? [co-l-‘—z:cl—z) =1, cosz(g“—;%—) (3.18)

1, =Iosin2(¢“—;%—) (3.19)
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The normalized output is formed by substituting ¢ , and ¢, into Equation (3.18), (3.19), and

yields.

ba 0 r 4 §—1E 2n
2 2

ds 0 0 0 0 0

I 1 1 0 1 1

I, 2 2

L 0 1 1 1 0

I, 2 2

This shows that Eve, who has access to the channels but not to the sites of Alice and Bob,
cannot extract any information without introducing detectable distortions in the transmission. The
data are encoded in the relative phase between the two polarization states IH) andl V) . Therefore,
the phase must be the same as time, which means the two-wave packet must arrive together at

BS2 at the correct time.

3.2 Time-Bin Entangled Photons
A conventional fiber optic Mach-Zehnder interferometer is configured as an intrinsic sensor
based on the interference between a sensing and a reference signal. A standard two-beam

interferometer uses a laser diode as a coherent light source.

’ Pulse output
Puise input
At

|

Coupler Switch

Figure 3.3 A schematic of fiber optic Mach-Zhender interferometer.
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To understand a system of all fiber optic interferometer, it is useful to start with the simple
device, which can be entirely understood in terms of classical linear optics in Figure 3.3. Leta 1-
photon pulse enter into the device from lefi-hand side via one end of the coupler, which is
assumed that it duration time is shot compared to the length difference of the interferometer arms.
The incoming pulses were split by the first fiber-coupler between a short and a longer fiber path,
in order to form a temporally separated pulse pair. The path lengths were chosen such that a
relative time delay of 9.9 ps was obtained between the pair of pulses coupled into the
transmission fiber via the second coupler. A phase shifter consisting of which could be varied by
polarization control fiber (PC). The output pulses consists of two well-separated pulses which
denote them shot and long respectively, which is presented the basis of quantum bit (qubit) space,
similarly to the usual vertical IV) and horizontal |H) linear polarization states. The relative
norm and phase of the coefficients @ and f are determined by the coupling ratio (1) of the
coupler (beam splitter) and the phase ¢ of the phase shifter, respectively. Hence, any state of the
two-dimensional Hilbert space spanned by the basic state can be prepared and analyzed. The
duration time difference (At ) of this Mach-Zehnder interferometer should be much longer than
the pulse duration. The switch of the device recombines the pulse traveling through the short and
the long arms without introducing any loss, which could be replaced by a passive fiber coupler. In
our scheme, the photon wave function of one incident circular polarized photon will be split into
two parts, transmitted part and the reflected part, by an ordinary nonpolarizing coupler. After
interacting with the two parts of the photon wave function are will be recombined by the second
ordinary nonpolarizing coupler. Through detecting the photon after the second coupler, we can
decide whether the entangled photon pair has been created.

The correspondence between the polarization states and the states obtained by superposition
of the two arm ones can be extended. For example, a polarization coupler that separates the basic
vertical and horizontal polarization states corresponds to an optical switch between the short and
the long pulses. We assume those horizontally polarized pulses with a temporal separation of At
input into a Mach-Zehnder interferometer. The coherence time of the consecutive pulses is larger

than At . Then the following time-bin entangled state is created through parametric in MZIL.

Id))p ='1’H>J1’H>i +|2’H>sl2’H>i (3.20)
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In the expression k,H),k is the number of time slots (1 or 2), where denotes the state of

polarization [horizontal (H) or vertical (V)], and the subscript identifies whether the state is the
signal (s) or the idler (i) state. In Equation (3.20), for simplicity we have omitted an amplitude
term that is common to all product states. We employ the same simplification in subsequent
equations in this research. This two-photon state with H polarization shown by Figure 3.3 is input
into the orthogonal polarization-delay circuit shown schematically in Figure 3.4. The delay
circuit consists of a coupler and the difference between the round-trip times of the fiber ring
resonator, which is equal to At . The polarization controller (PC) is tilted by changing the round
trip of the fiber ring is converted into V at the delay circuit output. That is the delay circuits
convert; lk,H) to rIk,H) + t, exp(i¢)lk +1,V) + rt, exp( i2¢)! k +2,H> +
r,t, exp(i, ¢)|k +3, V) Where t and r is the amplitude transmittances to cross and bar ports in a

coupler. Then Equation (3.20) is converted into the polarized state by the delay circuit as

|®) =[[1,H), +exp(id,)|2,V),]
x[|1, H), + exp(i$;)|2, V)]
+[|2,H), +exp(i4,)[3,V),]
x[|2,H), + exp(i6;)[2, V);]
=[|1,H), |1, H), +exp(i6;)|1.H),[2,V),]
+exp(i9,)]2, V), |1 H);
+explilp, +&:)]2,V),[2.V),
+[2,H),[2.H), +exp () 2.H),[3, V)
+exp(ip, )3, V), |2.H),
sexplie, + 013,V 15V, @2

By the coincidence counts in the second time slot, we can extract the fourth and fifth terms. As a

result, we can obtain the following polarization entangled state as
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|@) = [2,H),|2,H),

+ exp [0, +0:)1|2, V) |2, V), (3.22)

In this case the fiber acts as a nonlinear medium as a result of the optical Kerr effect. The
use of long fiber with a small core is attractive for achieving a high optical intensity and long
interaction length. The nonlinearity of the fiber is assumed to be of the Kerr type, ie., the

refractive index is given by

Fiber Ring Resonator

VV) +/HH
Lot [VV) +|HH)
/\ /\ IVV)/\ /\|HH>
’ e a ’

Figure 3.4 A schematic diagram of the polarization delay circuit that uses in the experiment.

Zato o

n=ny+n,I=n,+
A

=n, +1, ;— (3.23)
of

where n,and n, is the linear and nonlinear refractive index of the fiber respectively, and 1, is
the wave impedance in vacuum. I is the instantaneous optical intensity, E the optical electric field,
and P the optical power. S is the effective mode area depending on the modal field profile in
the fiber. All numerical results presented here were calculated for the following values: linear
index n, =1.45 , nonlinear index n, =3.0x 10° m?/W , and effective mode
areaS g =50 pm?. We assume that the response time of the Kerr effect is much less than the

cavity round-trip time. Because of the Kerr nonlinearity of the optical fiber, the strong pulses
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acquire an intensity dependent phase shift during propagation. In the fiber ring resonator is
arrangement, the weak and the strong propagating pulses acquire different nonlinear phase shifts.
When the pulses interfere at the coupler, this relative phase shift realigns the axes of the ellipse.
That the fiber optic MZI incorporating a nonlinear fiber optic ring resonator can be used to
generate the pulsed polarization-entangled photon pairs, based on the conventional time-bin

entanglement arrangement.

Fiber Ring Resonator

RF Fiber length 2 km

Signal \Z Fiber length 2 km
Polarization Beam Combiner
Input
APD 1
LD
Coupler 1 Coupler 2 Coupler 3 1 —)—[—Ap_o_2|
Rotatable polarizer

Figure 3.5 The schematic of the experimental setup diagram; LD: Laser diode, PCs: Polarization

Controllers, APD: Avalanche Photo detector.

In Figure 3.5 Polarized light pulse is split in to two states via a fiber optic coupler, which
randomly propagates in one of the interferometer arms. One of light beams propagates to
polarization controller (PC 1) via a fiber optic with 2 km lengths, where the random combination
of the entangled pulses is occurred at a second coupler (switch). The optical switch is separate the
basic states without losses. The output photons consist of two well-separated pulse energy, which
is entangled. Then the output pulses from MZI were launched into the nonlinear fiber ring
resonator of the delay circuit. The delay circuit was made of 2-km fiber optic length. This fiber
optic length can be designed to precisely adjust the required delay time i.e. At , while the change
in phase being controlled by using the polarization controller (PC 2). The Kerr type nonlinearly
of the effect of light pulses in the optical fiber is occurred while circulating in fiber ring

resonator.
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Since only the ratio of speed is involved in Snell’s law, only the rationis determined by
measurements of refraction. The definition of the index of refraction of a single medium requires
a convention. The convention used is that the index of refraction of a vacuum is exactly 1. Since

the speed of light in vacuum is the constant ¢, the index of refraction n for a substance is given

by

(2.24)

where v is the speed of light in the substance. It is important to note that without some definition
of global time the physical quantity speed (and thus light-speed) has no definite meaning anyway.

Consider an object moving from position A to B. Its speed v is given by the formula

(2.25)

where S is the distance of start to end of fiber optic, t is the time of the start and the finish time in
fiber optic. In this research, we used a single mode fiber optic with 2 km lengths, core

indexn =1.45, ¢ =3x10m/s, and then the calculation At is given by the formula

at=So__2000m g 67510
v 2.069%x10°m/s
=9.67us
then
8
v=8 3X0m/s s 060%10°m/s
n 1.45

The time (At ) is in Mach Zehnder Interferometer and in fiber optic ring resonator in the same

this research.



CHAPTER 4

EXPERIMENTS

The main objective of this study is to understand the experiments of interferometer, photon

entangles and time bin entangles, in this chapter, the important experiments are presented.

4.1 Mach Zehnder interferometer

The experimental set up system is shown in Figure 4.1. The quantum approach is used to
describe the operating system, where the system can be generally described by either classical or
quantum description, where the input light can be a continuous wave, long or short duration pulses.
In this work, the orthogonal light signals are formed by linearly polarized light that is modulated by
the input inject current into the laser source. Light form modulated laser diode of wavelength with
670 nm, linearly polarized and launched into the interferometer via a beam splitter (BS). One beam
was traveled to the mirror M1, and then reflected to the second BS. The another beam is traveled to
the mirror M2 and then modulated by the optical modulated unit before entering into the BS, where
the combination of light signals i.e. interference signals were detected by the detector, and then was
shown on the oscilloscope. The modulated beam was set to offset value using a second controlled
polarizer. Variation of optical mediums was employed, and then the corresponding measurement
values were recorded. The good optical alignment was taken care to avoid the interferometric noises
while the measurement was in progress. When one mode of polarization is launched into the
modulator, the coupling mode occurs due to the change of the input orientation angle (i.e. A in
equation) causing the change of the optical output power at detector, 1 and 2 respectively.

The experimental set up system for the LINbO, modulated is as shown in Figure 4.2. Light
form modulated laser diode of wavelength with 670 nm was linearly polarized and launched into
the interferometer via a beam splitter (BS1). One beam was traveled to a mirror M1, and then
reflected to the second beam splitter (BS2). The another beam is traveled to a mirror M2 and then
modulated by LiNbO, before entering into BS2, where the combination of light signals i.e.
interference signals were detected by a pair of compatible detectors and shown on the
oscilloscope. The measurement values were initialized to set to offset values by adjusting the

second controlled polarizer, and then the corresponding measurement values were recorded.
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CHAPTER 6

CONCLUSION AND SUGGESTIONS

6.1 Conclusion

1. A review of quantum calculations of the MZI has been described. The applications for
optical device and signal processing characterizations have also been investigated and discussed,
the preliminary results using optical medium such as polarizer, sammarian nonlinear fiber optic,
polarization maintaining fiber and LiNbO, have shown the possibility of applications such
devices for phase shifter switching, demultiplexer and filter. The continuing work is chussed on
the use of varieties of optical modulator such as single mode fiber, polarization fiber and some
special fibers replacing in one path of the instrument, where the modulated techniques are also
employed to produce the appropriate output signals for the applications. When the optical signal
characteristics can be analyzed for the use of device modeling and design either for optical
sensors or communication applications. While a short pulse can be produced by launching a
modulated injected light from a laser diode into a length of a multimode fiber to form the EPR
pairs, then the entanglements can be formed and the quantum information can be realized using
the classical system.

2. We have assumed the idea of perfectly secured data transmission technique, which it is
based on quantum entangled state encryption scheme. Strictly speaking, the set of all possible
states sending by Alice to Bob is a set two states corresponding to identical bits, where the two
state are horizontal (H) and vertical (V) polarization a single photon. In this application, the idea
of an experiment of optical encryption technique can be realized to create top security, for mobile
phone up-link converter and communication.

3. We have presented a technique that could be used to generate pulsed polarization-entangled
photon pairs by using an orthogonal pulse polarization delay circuit. The system used is based on
the system called time bin quantum entanglement, incorporating a nonlinear fiber optic ring
resonator for which the response time of the Kerr effect is much less than the cavity round-trip
time. The entangled photon pairs were formed by the interference of randomly delayed
orthogonal polarized light pulses while circulating in the fiber ring resonator. The obtained
entangled photons can be used the in long distance transmission via fiber optic incorporating the

classical channel link along the fiber optic. Long haul communication can be realized by using
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polarization entanglement pairs to encrypt signals then can be recovered by decrypting the signals
at the far end of optical line. This means that the top security using fiber optic link based .on

quantum cryptography by light is plausible.

6.2 Suggestions
1. For the entangled photons the applications of the phenomena are such as quantum
cryptography, quantum teleportation, quantum key and quantum CODEC (code and decode) that
they are popularly studied.

2. The obtained entangled photons that can be used the in long distance transmission via
fiber optic incorporating the classical channel link along the fiber optic. Long haul
communication can be realized by using polarization entanglement pairs to encrypt signals then
can be recovered by decrypting the signals at the far end of optical line.

3. In other application, we have pointed out that the advantage of the proposed entangled
photon generation system is the remarkably simple optical arrangement, the small device. The
proposed system has also shown the potential application for quantum dense coding where the

muti-entangled photon pairs are required, which can be implemented via fiber optic link.
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The mobile telephone has been widely and commonly
used for nearly two decades. Because many applications
can be provided by a network provider, the demand for use
of the mobile phone is large. Furthermore, there are some
advantages including a small size, lightweight, and espe-
cially, low cost, which means these phones can be applied
worldwide. However, there is a serious problem of inter-
ception, when perfect security is required by users. Up to
now, no system that can secure personal data safely from an
eavesdropper has been 1mplemented in telephone networks.
Recently, Yupapin and Suchat! reported the use of weak
light to produce nonlinear behavior of light in a fiber optic
ring resonator instead of using a strong light pulse in an
ordinary single-mode fiber. Four-wave mixing results from
the delayed pulse trains and nonlinear Kerr-type effects in a
fiber ring resonator could perform the required entangled
states after certain controlled polarization states. Delayed
polarization modes via the ring resonator® were combined,
and the entangled photon states were observed and regis-
tered. In practice, the simple design and arrangement of
quantum key generation can result in a quantum device for
mobile telephone and realistic network use, i.e., the quan-
tum key generation device is now possible in the microme-
ter scale range. An optical link has shown the potential of
being used for long-distance quantum communication,

0091-3286/2007/$25.00 © 2007 SPIE
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where the transmission of classical and quantum channels
are required to transmit via an optical wireless link and
where the sender and user can confirm the requested data.
Zhou et al.® proposed an optical fiber communication sys-
tem for optical downlink transmission with remote
millimeter-wave local-oscillator delivery for intermediate
frequency fiber uplink transmission by a w1reless transmis-
sion of several kilometers. Manderbach et al.* have re-
ported on the experimental implementation of Bennett-
Brassard 1984 (BB84)-protocol-type quantum key
distribution over a 144-km free-space link using weak co-
herent laser pulses.

In this communication, we propose the concept of an
optical wireless communication link for telephone net-
works. In this concept, we assume that quantum cryptogra-
phy, quantum teleportation, quantum key and quantum cod-
ing and decoding can be implemented using an optical
wireless communication link, where the uplink and down-
link can be performed and used by a commercial mobile
telephone device, where each of the transmitted wave-
lengths can randomly form the entangled pairs, i.e., the
quantum key. The quantum code/decode (CODEC) of the
quantum keys can be performed and linked via wireless and
optical transmission links. In this application, the idea of an
optical encryption technique experiment can be realized to
create top-security for mobile telephone uplink and down-
link converters and communications. Such a design can
also be used with all types of network distributions, where
the qubits can be performed and used in the link distribu-
tions.

To begin our discussion of this concept, first, we intro-
duce a technique that can be used to create the quantum
CODEC. Figure 1 shows' a polarization coupler that sepa-
rates the basic vertical and horizontal polarization states
corresponding to an optical switch between short and long
pulses. We assume these horizontally polarized pulses with
a temporal separation of Ar. The coherence time of the
consecutive pulses is larger than Ar. Then the following
time-bin state including polarization dispersion is created
through a Mach-Zehnder Interferometer (MZI).

|‘1’)p=|1:H):|1'H)i+ 12»H):|2vH)i- (1)

In the expression of |k, H), k is the number of time slots
(k=1,2), the state of polarizations are denoted by horizon-
tal (H) or vertical (V), and the subscripts imply the state of
the signal (s) or the idler (i). In Eq. (1), for simplicity we
omitted an amplitude term that is common to all product
states, as done similarly in the subsequent equations in this
paper. The two-photon states with H polarization, shown in
Eq. (1), are the input into the orthogonal polarization-delay
circuit (fiber ring resonator).

The delay circuit consists of a coupler and the difference
between the round-trip times of the fiber ring resonator,
which is equal to Ar. The polarization controller (PC) is
tilted to changing the round trip of the fiber ring, and
then converted to V at the delay circuit output. This
causes the term |k,H) in Eq. (1) to be converted to
the term rlk,H)+1, exp(i¢)[k+l,V)+rt2 exp (i, @) |k
+2,H)+ry1; exp (i3$)| k+3,V). Here ¢ and r are the ampli-
tude transmission coefficients for the throughput and cross-
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paths of a coupler. Equation (1) is then converted into the
polarized state by the circuit of Fig. 1 as

|®) = [|1,H)|1,H); + exp (ig)|1, H),[2, V)] + exp (igpy)
X[2, V)1, H) + exp [i( ¢ + ¢)[2, V)2, V)
+|2,H),|2, H); + exp (i)[2,H)J3,V); + exp (i)
X[3,V),|2,H); + exp [i(¢, + #)]13, V)3, V), (2

By the coincidence of the counts in the second time slot, we
can extract the fourth and fifth terms. As a result, we can
obtain the following polarization entangled state as

Id)) = p»H):IZ!H)i +exp [l(¢: + ¢l)][29 V)lev V)i' (3)

In the case of a system using weak light input (i.e., with-
out pumping part and component), the fiber acts as a non-
linear medium because of the optical Kerr effect and four-
wave mixing in the fiber ring resonator. The use of a long
fiber with small core and ring radius is attractive for achiev-
ing a high optical intensity and long interaction length. The
nonlinear effect that implements this setup is of the four-
wave mixing type. In Fig. 1, we proposed a system con-
figuration that the remote access point (RAP) can be re-
quired to perform the optical-to-electrical (O/E) and/or
electrical-to-optical (E/O) conversion as well as radio fre-
quency (rf) radiating/receiving. The downlink/uplink rf car-
riers can be feasibly delivered between Alice and Bob. The
polarization state from Alice can be maintained by a state
registration of polarization state by Bob and consequently
he receives the correct polarization state.

Let us first consider the case where the reference photon
passes through the path L and the signal photon through the
path S, as shown in Fig. 1. In this case, these photons reach
the PBC at the same time. As in the parity checking
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Flg. 1 Schematic diagram of an optical wireless communication link
for telephone networks system: PO; polarization control: LD; laser
diode; RAP, remote access point; PBC, polarization beam combiner;
and D, avalanche photodetector.
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described, the incoming photons in the states |H);| H), and
|[V);| V), (the two photons have different polarizations just
before the PBC) result in a two-photon state and a vacuum
in the mode X, respectively. On the other hand, the photons
in the state a|V);|H)+B8|H);|V), (the two photons have
the same polarization just before the PBC) result in one
photon in the mode X and one photon in Y, in the state
a|H)x| Hyy+B| V)x| V}y. Hence, by counting the number of
photons in the mode X, we can discard the cases |H),|H),
and |V);|V),. If Bob detects a photon in |D)y, the two pho-
tons are projected onto the state [D)y(a| H)y+ 8| V)y). Then
Bob obtains the photon in the signal state a|H)y+8|V)y.

In a practical communication tasks such as quantum key
distribution (QKD), photons in mode Y can be measured on
a polarization basis. In this case, one can postselect the
event where at least one photon is emitted in each mode X
and Y by the twofold coincidence detection. Therefore, the
conventional threshold photon detectors, which do not dis-
criminate two or more photons from a single photon, can be
used. In the other cases, where the reference photon passes
through the path S and/or the signal photon passes through
the path L, at least one of the photons should have a differ-
ent arrival time at detector |D)y or |D)y. Hence, we can
eliminate the contributions from such cases by discriminat-
ing the arrival times of the photons at the detectors |D)y
and |D)y by postselection. Any losses in the channels and
inefficiencies of the detectors are also discarded by the
postselection. A single photon is formed in an MZI that
incorporates a fiber optic ring resonator. Each of the en-
tangled pair, which can be clarified by a quantum key be-
tween Alice and Bob, where the required memory and
speed are realized, can form the correct code, forms the
signal. In this application, the idea of the proposed optical
encryption technique can be realized to create top security
for a mobile telephone uplink converter and communica-
tion. The down stream link can be similarly implemented.

We proposed the idea of a new system of the quantum
key distribution via an optical wireless communication link
for telephone network applications. In practice, a set of all
possible states sent by Alice to Bob is a set of two states
corresponding to the identical bits, where the two states are
horizontal (H) and vertical (V) polarization photons instead
of a photon, which is observed as a random orientation. In
this application, the idea of the proposed optical encryption
technique can be realized to create top security for a mobile
telephone uplink converter and communications.

In conclusion, the quantum CODEC can be formed by a
fiber optic device, which consists of an MZI incorporated
with a fiber optic ring resonator. Then the quantum keys
could be distributed in the networks via the optical wireless
link, where perfect security can be formed between Alice
and Bob without any cheating from Eave. Finally, the clas-
sical channel signals can be recovered using the quantum
CODEC. The top security information, using a CODEC
technique based on quantum cryptography by light, i.e.,
entangled photons, was discussed and a simple setup dem-
onstrated.
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Abstract. A new system for entangled photon-pair generation using an all-fiber optic
scheme consists of a fiber optic Mach-Zehnder interferometer (MZI) incorporating a fiber
optic ring resonator. The Kerr nonlinearity effect in the fiber ring resonator is exploited for the
generation of two independent squeezed beams. The advantage of such a system is that it
requires a simple arrangement without any optical pumping parts or bulky optical
components. Polarized light pulse trains are launched randomly into a MZI, and one part of
the light is delayed in the longer path. The output pulses from both arms of the MZI enter a
fiber optic ring resonator. A polarization controller controls the polarization states of the light
pulses while they circulate in the ring resonator. The superposition of the nonlinear light
pulses in a fiber optic ring resonator randomly occur. These forms are seen on an avalanche
photodetector. The results are in good agreement with previous work.

Keywords: quantum entanglement, quantum optics, fiber optic ring resonators.

1 INTRODUCTION

Quantum information was theoretically well established by Bennett et al. [1]. The proposed
scheme was also presented for quantum cryptography by the same authors [2]. This area of
research has now been now investigated theoretically [3] or experimentally. It is expected that
the implemented systems will have a wide range of applications in the near future. The
security of the information is achieved which can be clarified by the link between sender
(Alice) and receiver (Bob), without any cheating by Eve. Generally, a single photon can be
either a particle or light, where the case of a polarized light pulse having two polarization
states corresponding to two spin states of a particle satisfies the quantum entanglement pairs.
If the input initial state of the polarized light input is random, the detected signal will be
unknown due to the uncertainty principle that the initial information is loose when the output
signal is measured.

The applications of the phenomena include quantum cryptography, quantum
teleportation, quantum key and quantum CODEC (code and decode). Zellinger et al. [4] have
demonstrated that photon can be transported using a classical channel by a Mach-Zehnder
interferometer (MZI), where photons in linear or circular polarization states can form the
entangled pairs. Quantum cryptography through free space, wireless or optical fiber has been
reported. Weinfurter et al. [5] have shown that quantum cryptography can be realized by using
a single photon transmission in a light wave channel. Recently he has demonstrated that the
four states of polarized light can form quantum cryptography using such a simple
arrangement. Suchat and Yupapin [6] have also shown that by using a classical MZI with one
arm modulated by a LiNbO; crystal a single photon can be generated. Brendel et al. [7] have
generated pulse polarization entanglement or pulse energy time entanglement by MZI in a
delay circuit. Takesue et al. [8] have also shown the same results using a Michelson

©2007 Society of Photo-Optical Instrumentatios Engireers [DOI: 10.1117/1.2516897]
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interferometer. Silberhorn et al. [9] have reported on the generation of a continuous variable
entanglement using an optical fiber interferometer, where the Kerr nonlinearity in the fiber is
exploited for the generation of two independent squeezed beams. The nonlinearity of optical
ring resonators has shown great promise for a variety of applications such as optical time
delay [10] and optical switching [11].

In this paper, we have made a similar system to that described in Ref. 9 but we use a
nonlinear fiber optic ring resonator for the delay and interference signals, which when
polarized generates the pulsed polarization-entangled photons. This is a new scheme that uses
an all fiber optic system without any optical pumping parts from polarized light pulses. We
have demonstrated that an all fiber optic MZI incorporating a nonlinear fiber optic ring
resonator can be used to generate pulsed polarization-entangled photon pairs, which are based
on the conventional time-bin entanglement arrangement [7].

2 OPERATING PRINCIPLES
A conventional fiber optic Mach-Zehnder interferometer is configured as an intrinsic sensor

based on the interference between sensing and reference signals. A standard two-beam
interferometer uses a laser diode as a coherent light source.

Pulse output
A
—i

i

Fig. 1. Schematic of a fiber optic Mach-Zehnder interferometer.

Pulse input

In order to explain the operation of an all fiber optic interferometer, it is useful to start
with the simple device shown in Fig. 1, which can be entirely understood in terms of classical
linear optics. Let a one-photon pulse enter the device from the left-hand side via one end of
the coupler. This pulse is assumed to have a duration which is shot compared to the length
difference of the interferometer arms. The output consists of two well-separated pulses,
|shore) and|long) . These form the basis of quantum bit (qubit) space, in a similar way to the

usual vertical |V) and horizontal |H) linear polarization states. Hence, the state at the output
of our preparation device is formed by a}short) + fllong) . The relative norm and phase of the
coefficients a and g are determined by the coupling ratio (7 ) of the coupler (beam splitter)
and the phase ¢ of the phase shifter, respectively. Hence, any state of the two-dimensional
Hilbert space spanned by the basic states|short) and |long) can be prepared and analyzed. The

arm length difference At of this Mach-Zehnder interferometer should be much longer than the

pulse duration. The switch of the device recombines the pulse traveling through the short and
the long arms without introducing any loss. It could be replaced by a passive (50:50)% fiber
coupler, and the 50% loss use as an analyzer. The two pulses enter the device from the right.
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The switch is synchronized such that the pulse corresponding to the ket lshort) takes the long

path in the interferometer and vice versa for the other pulse. Hence, at the output (left) of the
analyzer, both pulses interfere. Depending on the phase shift and coupling ratio the
interference is constructive or destructive and complete or incomplete, respectively, in full
analogy with a polarization analyzer.

The correspondence between the polarization states and the states obtained by
superposition of the|short) and|long)ones can be extended. For example, a polarization
coupler that separates the basic vertical and horizontal polarization states corresponds to an
optical switch between the short and the long pulses. We assume that horizontally polarized
pulses with a temporal separation of Arare input into a Mach-Zehnder interferometer. The
coherence time of the consecutive pulses is larger thanAs. Then the following time-bin
entangled state is created through a parametric system in the MZI:

ld’)p =|1’H)3[LH)I +|2’H):’2’H)i * (1)

In the expression |k, H),k is the number of time slots (1 or 2), where A denotes the state of

polarization [horizontal (H) or vertical (V)], and the subscript identifies whether the state is
the signal (s) or the idler (i) state. In Eq. (1), for simplicity we have omitted an amplitude
term that is common to all product states. We employ the same simplification in subsequent
equations in this paper. This two-photon state with H polarization shown by Eq. (1) is input
into the orthogonal polarization-delay circuit shown schematically in Fig. 2. The delay circuit
consists of a coupler and the difference between the round-trip times of the fiber ring
resonator [10], which is equal to Az. The polarization controller (PC) is tilted by changing the
round trip of the fiber ring then converted into V at the delay circuit output. That is, the delay
circuit  converts |kH) to  rkH)+nexplidk+LV) +  rmyexp(iyf)|k+2,H)

+ryty expliz@)|k +3,V), where  and r are the amplitude transmittances to cross and bar ports in
a coupler. Then Eq. (1) is converted into an equation for the polarized state by the delay

circuit to give
|®)=[|1,H), +exp(ig, }2,V),]
x[|1, H), + exp(ig)]|2.V),]
+[|2,H), +exp(ig,)3,7),]
x[|2,H), + exp(ig)|2,7),]
=[LA) |1 H), +explig)|1, H),|2.7),]
+exp(iy)|2,V) |1 H),
+explilg; +4))2.7) |2.7), +|2. H) |2, H),
+explig |2, H),|3,V), +explig, }3.V) |2, H),
+explilg, +8)J3.7),137), . @)
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Fiber Ring Resonator

[V )+ [HH)

/\ /\ Time Time\

Coupler

Fig. 2. A schematic diagram of the polarization delay circuit used in the experiment.

By the coincidence counts in the second time slot, we can extract the fourth and fifth terms.
As a result, we can obtain the following polarization entangled state as

|@Yy=|2,H) |2, H),+exp[ile; + 8)]j2.7) |2.7), . (3)

In this case, the fiber acts as a nonlinear medium because of the optical Kerr effect. The
use of a long fiber with a small core is attractive for achieving a high optical intensity and
long interaction length. The nonlinearity of the fiber is assumed to be of the Kerr type, and the
refractive index is given by [11]

n 2 P
n=n0+n2]=no+2—n°|E| =ng +ny , )
2770 Seﬁ'

where nyand n, are the linear and nonlinear refractive index of the fiber, respectively, 7, is

the wave impedance in vacuum, / is the instantaneous optical intensity, E is the optical electric
field, P is the optical power, and S, is the effective mode area which depends on the mode

field profile of the optical fiber. All numerical results presented here were calculated for the
following values: linear refractive index n, =1.45, nonlinear refractive index 7, = 3.0x 10

m?/W , and effective mode area S,; =50 yum”?. We assume that the response time of the Kerr

effect is much less than the cavity round-trip time. Because of the Kerr nonlinearity of the
optical fiber, the strong pulses acquire an intensity dependent phase shift during propagation.
In the fiber ring resonator arrangement, the weak and the strong propagating pulses acquire
different nonlinear phase shifts. When the pulses interfere at the coupler, this relative phase
shift realigns the axes of the ellipse. The fiber optic MZI incorporating a nonlinear fiber optic
ring resonator can be used to generate the pulsed polarization-entangled photon pairs, based
on the conventional time-bin entanglement arrangement.

3 EXPERIMENT AND RESULTS

Polarized light from a laser diode with wavelength of 1310 nm was modulated with the RF
signal at 35 KHz, and a pulse width of 20 ns, and then propagated into MZI as shown in Fig 3.
The polarized light pulse is split into two states via a fiber optic coupler which randomly
propagates in one of the interferometric arms, and one of the light beams propagates to the
polarization controller (PC 1) via a 2-km fiber optic link. The random combination of the
entangled pulses occurs at the second coupler, i.e., switch. This is set as an optical switch and
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separates the basic states without losses. The output photons consist of two well-separated
pulses which are entangled. The output pulses from the MZI are launched into the nonlinear
fiber ring resonator of the delay circuit. The delay circuit is made of 2-km fiber optic lengths.
This fiber optic length can be designed to obtain precisely the required delay time A¢, while
the change in phase is controlled by using the polarization controller (PC 2). The Kerr type
nonlinearly effect on light pulses in the optical fiber occurs while the pulses circulate in the
fiber ring resonator. Because the pulses are strong, they acquire an intensity dependent phase
shift during propagation in the fiber optic ring resonator. The interference of light pulses at
coupler 3 introduces the out put signals, which are entangled. The polarization states of the
light pulses are changed and converted while circulating in the delay circuit, where the
entangled photon pairs can be generated. To confirm the existence of entangled states, the
rotation of the polarization orientation from 0 to 180 deg can be performed before launching
the pulse into the polarization beam combined setup. The polarization angle adjusting device
is applied to investigate the orientation and optical output intensity. The entangled photons of
the nonlinear fiber optic ring resonator are separated into signal and idler photon probability.

Fiber Ring
Fiber length 2 Km Resonator
RF Singnal
Input
LD

Fig. 3. The schematic of the experimental setup diagram; LD: laser diode, PCs: polarization
controllers, APD: avalanche photodetector.

The entangled photons probability is shown in term of the optical output intensity which
is generated by using an all fiber optic system of phase difference ¢=0° as shown in Fig.
4(a), which is in good agreement with the previous work [7). Figure 4(b) presents the optical
intensity at the output of the polarization output, where the phase difference of the signal at
first peak and the delay peak of the nonlinear fiber ring resonator is ¢ =45°. It is shown that
the time delay of the signal circulated in the ring resonator is Ar=9.9s . Results obtained have
confirmed that the polarization entanglement of the signal and idler photons are realized.
However, maintaining the output of the polarization states for long-haul communication may
require the polarization transmission components to link between the sender and receiver
before entering into the detector, where the sending information is preserved. In practice, the
use of all fiber optic components is needed for quantum communication via fiber optic cable,
where perfect security is required. The other advantage of such a system is that it is easy to
make a long haul communication link which is secured from Eve.
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Fig. 4. Graphs of the measured optical signals: (a)¢=0°, (b) ¢=45°.

4 CONCLUDING REMARKS

We have presented a technique that could be used to generate pulsed polarization-entangled
photon pairs by using an orthogonal pulse polarization delay circuit. The system used is based
on the system called time-bin quantum entanglement, incorporating a nonlinear fiber optic
ring resonator for which the response time of the Kerr effect is much less than the cavity
round-trip time. The entangled photon pairs were formed by the interference of randomly
delayed orthogonal polarized light pulses while circulating in the fiber ring resonator.
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In conclusion, the obtained entangled photons can be used in long distance transmission
via fiber optics incorporating the classical channel link along the fiber optics. Long haul
communication can be realized by using polarization entanglement pairs to encrypt signals
then can be recovered by decrypting the signals at the far end of optical line. This means that
top security using a fiber optic link based on quantum cryptography by light is plausible.
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networks. Therefore, the perfect security using quantum encryption has
become a good candidate technique to meet this qualification. Since, an
optical link has shown the potential of using for long distance quantum
communication. Therefore, the use of quantum communication via the
optical transmission line, where the confirmation between Alice and Bob
can be made. Recently, Yupapin and Suchat [5] have reported the use of
weak light to form a nonlinear behavior instead of using strong light
pulse in an ordinary single mode fiber, where the four-wave mixing of the
two delay light pulses could be performed instead of Kerr effect types.
The delayed polarization modes via a ring resonator can be combined
with the incoming light pulse, where the entangled photon states are
observed and detected. In practice, the remarkably simple design and
arrangement of the system are required to make the quantum
communication and networks realized. The advantage of such a proposed
system is the small scale device could be constructed (fabricated) and
used. The applications of the phenomena are such as quantum
cryptography, quantum teleportation, quantum key and quantum
CODEC that they are popularly studied by Mattle et al. [1], where have
demonstrated that atom can be transported by using a classical channel
using a Mach-Zehnder Interferometer (MZI), where the single photons
which are in linear or circular polarization states can form entanglement
pairs, the quantum cryptography by free space has also been reported.

Up to date, the realistic quantum network system has not been
implemented in communication line. This letter proposes a technique of
quantum communication and networks via the optical Add/Drop
multiplexers, where qubits can be performed and used into the public
networks. The required information will be retrieved by the individual
sender (Alice) and receiver (Bob). However, to implement the system for
long distance use, the compensation in delayed time of the entangled
states causing the entangled state walk-off is needed. We have also made
the analysis and discussion of the signal recovery and compensation of
such effects in this proposal.

Firstly, we review the use of an all fiber optic system to generate the
entangled photon-pair [5]. When polarized light is input into a MZI, the
correspondence between the polarization states and the states obtained

67



A QUANTUM CODEC DESIGN VIA AN OPTICAL ADD/DROP ... 3

by superposition of the two arm ones can be extended. For example, a
polarization coupler that separates the basic vertical and horizontal
polarization states corresponds to an optical switch between the short
and the long pulses. We assume those horizontally polarized pulses with
a temporal separation of At. The coherence time of the consecutive
pulses is larger than At. Then the following time-bin entangled state is
created through parametric in MZI, which is expressed as

|©), = |1, H), |1, H), +|2, H),|2, H),. o)

In the expression |k, H), k is the nuinber of time slots (1 or 2), which

denotes the state of polarization [horizontal (H) or vertical (V)], and the
subscript identifies whether the state is the signal (s) or the idler (i)
state. In equation (1), for simplicity, we have omitted an amplitude term
that is, common to all product states. We employ the same simplification
in subsequent equations in this paper. This two-photon state with H
polarization shown by equation (1) is input into the orthogonal
polarization delay circuit shown schematically in Figure 1. By the
coincidence counts in the second time slot, we can extract the fourth and
fifth terms. As a result, we can obtain the following polarization
entangled state as

|®) = |2, H), |2, H); +expli(ds +9;)]]2, V), |2, V);. )

Ferer 20 Hreastn

Figure 1. A schematic diagram of the polarization delay circuit that
used in the experiment.

To describe how the entangled states transmit via a quantum
network, we point out to the four-port device which is configured as an
Add/Drop multiplexer (see Figure 2). Two fiber couplers with 50:50
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coupling ratios are positioned to tangentially touch opposite sides of an
equator of a ring fiber. The four coupling ports are labeled as shown. If a
signal containing several channels at the different wavelengths
(wavelength division multiplexing) is input at port 1, then their powers
transfer to port 2 (network), a ring and drop port (port 3) will occur for
any input channel that is, resonant with a fiber ring resonator. There is
no resonant channel travel through the upper fiber (port 1) and add port
(port 4). Similarly, a channel input at port 4 that is, resonant with a fiber
optic ring resonator would be transferred to the upper fiber, and join the
other channels at port 2 channel adding and dropping, therefore, this can
be realized simultaneously. This is still valid, when the entangled
photons are transmitted in to the network. However, in practice, the
operation could be suffered by the chromatic dispersion, polarization
mode dispersion (PMD) and untargeted nonlinear effects which will be
analyzed and discussed.

e e R
1
Input
|
]
1
Fo———=-
Dro
2 p

Figure 2. A schematic of a four-port fiber optic device.

When the entangled photon pair which is recognized as the qubits
from Figure 1 is launched into a port 4 (add port) in Figure 2, then
propagates to the output at port 3 (drop port) and port 2 (throughput
port). The output from port 3 is the time delay seen on avalanche photo-
detector (confirm states). The entangled photons then transmit into the
transmission line (port 2), while the confirmed states are seen on a photo-
detector at port 3 (Alice). The entangled states with wavelength
multiplexing are distributed within the networks, the projection of the
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specific wavelengths can be recovered by Bob at the required drop ports.
Generally, the classical and quantum channel signals can input into the
network via the Add/Drop multiplexers then into the transmission lines.
Further, the optical Add/Drop multiplexers can be designed as a cascade
to form a larger networks. The specific quantum protocol is also available
to implement in this purposed system. The incoming multi-wavelength
signals at the input port, where all wavelength channels are routed into
the throughput port except the required drop wavelength, which is
routed to the drop port, therefore, drop port is actually required the
wavelength tunable filters to obtain the precisely receive the request
information.

Drep
Figure 3. A schematic of a four-port device in a quantum network.

After the signal that is processed by the drop port, then the same
carrier wavelength with different information can be added
simultaneously into the ring and network via the add port. The schematic
of the optical Add/Drop and network is as shown in Figure 3.
Wavelengths tunable filters are essential required in each of the
Add/Drop ports. In practice, the simple design and arrangement of the
system are required to make the quantum communication and networks
realized. In applications, the idea of dense coding with dense input or
dense wavelength multiplexing (DWDM) with wide range of bandwidth
applications can be implemented, where the communication data without
any cheating between users in the public link is plausible.

70



6 P. P. YUPAPIN, P. PHIPHITHIRANKARN and S. SUCHAT

When the quantum states with a temporal delay At is launched into
User 1 at the add port, which can be written as

lv) = e[ H)p + BV ®)

The photons in the H and V polarization states are transmitted through
the four-port device, where the channel short and long fiber lengths are
given, respectively. Here, a length of an ordinary single mode fiber can be
employed to transmit the quantum channels. For simplicity, we also use
the polarization control fibers (PC) included in the system. In this case,
the polarization rotations of the photons in each channel does not occur,
but unknown phase shifts ¢ and ¢y are added to the photons in each

channel independently due to the fluctuations of light in the optical path
lengths. We assume that the interval At between the signal and idler
photons much shorter than the correlation time of the fluctuations, so
that the phase shifts are considered to be correlated such that

b @) = oyt +At) =6y and ¢y (t) = ¢y (t + At) = ¢y. The photons in

both modes, long and short arms, are then mixed together, and the
received states at drop port after circulation in a fiber ring resonator,
which can be written as

75 e H) H) g + 5|V V),

+ ei(¢H+¢V)(“| V) [ H)p + B H)| V)At+1:)]’ @

Here the optical path lengths of short and long may differ, which is
indicated by the temporal delay 7. To confirm the entangled states
relationship between drop port and fiber ring resonator, a PC is adjusted
before the powers transferring into a network via an optical switching
(port 2). Similarly, the other users can generate the entangled states
(qubits) with a specific wavelength into add port. The entangled states
are confirmed before entering into the networks. The optical filters are
employed to obtain the specific wavelengths (decode) at the users. The
larger networks are also available with the same analysis, where the
optical filters are required to retrieve the qubits.

Due to the birefringence of the fiber, a transversal walk-off the
extraordinary beam and longitudinal walk-off between the ordinary and
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extraordinary beam will occur. The transversal walk-off produces a shift
between the ordinary and extraordinary while the longitudinal walk-off
introduces a time delay between horizontally and vertically polarized
photons. The amount of the walk-off depends on the location, where the
photon-pairs are created within the fiber. This position is completely
random due to the coherent nature of light in fiber optic. To compensate
the longitudinal timing-walk off effect, a polarization controller is
recommended to ensure that polarization rotation is the same on both
photons from the entangled pair. Additionally, the compensator fiber
(dispersion shift fiber, DFB) is used to change the relative phase ¢ of the
states of the polarized light. Because of their birefringence, the tilting of
the compensator allows to apply a phase shift to the state [3]

|¥he = 7= (H), ®|V), +4V), @] H),). )

In our case, we want to produce the |y~ ) state, which can be obtained by
setting the phase ¢ = n. Thus, linear polarized light passing through an

optical fiber can be converted to any linear combination of linear and
circular polarization. This polarization rotation varies with stress and
strain imposed on the fiber by bending the fibers or by temperature
changes. Moving or even touching the fiber changes the polarization
rotation effect unpredictably. To preserve the state of the created photon
pair, the polarization rotation of the optical fibers had to be compensated.
For this letter, we propose the system based on all fiber optic scheme,
therefore, the used of fiber based polarization control is arranged.

In the maximally entangled pure state our setup supposed to produce
is the anti-symmetric singlet

W e = T5 (H) V), - [V), ®[H)y). ©

However, in practice, it is never possible to create a pure state; instead, a
mixed state is produced. For the further treatment of the quality of our
source, we need to make an assumption of how this state looks like. For
that purpose, polarizer controllers are placed into the coupling path of
both photons, the photons collected into the optical fibers are detected in
entangled photons detection modules. By matching the time of arrival of
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the two photons at their corresponding detection modules, it is possible to
determine a joint detection event, also called coincidence event and thus,
to establish polarization correlation between entangled photon-pairs.

To implement such a scheme incorporating in an optical communication
networks, the effects on fiber optic properties in network such as
spectrum noise, signal dispersion, fiber losses, and timing walk-off on the
entangled states are required to make the system validate. When light
propagates in fiber ring resonator, where the ring radius could be ranged
from micrometer to few kilometers, the problem is the signal spacing
among the propagating signals, which is well described by Saeung and
Yupapin [5]. In case of multi-photons, the signal spacing regions known
as the signal free spectral ranges (FSR) are required to design to meet the
specific purpose. This parameter can be caused the intermodulation
noises of the signals in the ring resonator and network link.

In conclusion, we proposed the technique of quantum CODEC
signals, which can be used in the optical networks. This can be performed
by using the remarkably simple arrangement of the entangled photons
generation source and the optical Add/Drop multiplexer. When the
projection devices are applied (Bob), and the state is confirmed (Alice),
the quantum CODEC signals could be seen by the users (Alice and Bob).
A top security information using the quantum CODEC technique based
on quantum cryptography by light, i.e.,, qubits, has been proposed and
discussed. The compensation of the timing-walk off on the entangled
states is analyzed and also discussed.
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