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Abstract

This thesis primarily focuses on the characterization of fully fiber-integrated quan-
tum light sources at telecommunication wavelength for diverse quantum applica-
tions, such as quantum key distribution (QKD), quantum communication, cryptog-
raphy, and information processing over existing fiber-optic networks. We exploit a
periodically poled lithium niobate (PPLN) waveguide in a spontaneous parametric
down-conversion (SPDC) process to generate different types of photonic quantum
states in the telecom band. We present an extensive analytical derivation of the
Schmidt decomposition for spectral purity estimation of the SPDC biphoton state
and theoretically show the generation of spectrally pure (purity ~ 90%, without
filtering) telecom photons in a chip-scale lithium niobate on insulator (LNOI) ridge
waveguide. A comparison between the analytical and numerical solutions of Schmidt
decomposition is carried out through the detailed analysis of the spectral purity in
the LNOI waveguide, and the effect of scattering losses on purity is studied to find the
robustness of the waveguide. We perform an experimental and theoretical thorough
characterization of a fiber-pigtailed Zn-indiffused MgO-doped PPLN (MgO:PPLN)
ridge waveguide via second harmonic generation (SHG). We further show the gen-
eration of spectrally correlated photon pairs over a broad telecom region, which
spans the S-; C-; and L-bands, via completely guided-wave SPDC in the same Zn-
indiffused MgO:PPLN waveguide. The photon emission spectrum has a full-width
half-maximum bandwidth of ~ 46 nm and a high coincidence-to-accidental ratio
(CAR). Next, we demonstrate a fully fiber-coupled source of broadband polariza-
tion entanglement over the telecom C- and L-bands in a Zn-indiffused MgO:PPLN
waveguide. The high brightness (2x10® pairs/s/mW /nm) and active-stabilization
free source generate broadband entanglement with > 89% fidelity. The entangled
state shows the violation of CHSH inequality by 29 standard deviations (S = 2.49
+ 0.017), and this source can be directly used in wavelength-division-multiplexed
QKD. Finally, we characterize and demonstrate a fiber-integrated multi-user source
for long-distance metropolitan-scale (~ 100 km) QKD and communication. The
proposed source can generate both |®1) (fidelity > 89%) and |®~) (fidelity > 90%)
Bell state in 14 International Telecommunication Union (ITU) channel pairs simul-
taneously, which allows 14 different user pairs to utilize the source for simultaneous

quantum communication and secure key distribution. The source’s potential for



long-distance entanglement transmission to remote users is tested by transmitting
the entangled photons up to a distance of 100 km, and the effect of polarization
mode dispersion (PMD) on entanglement distribution is studied in detail. The pro-
posed source can be used over the existing fiber optic network for multi-user QKD

and to develop a complete quantum communication network.

This thesis proposes the on-chip and fiber-integrated PPLN waveguide-based quan-
tum sources of telecom photons, which have wide applications in fiber-based quan-
tum communication, QKD, sensing, and metrology. The proposed fiber-integrated
sources are efficient and stable and do not require high optical alignment. These
can be easily deployed in the existing fiber infrastructure to scale up the quantum

communication network.
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Chapter 1

Introduction

1.1 Quantum photonic telecom source for long-

distance quantum communication

In the last two decades, quantum entanglement has transformed the fields of op-
tics [1, 2], communication [3, 4], measurement [5], imaging [6, 7], sensing [§8], and
computation [9]. Unique attributes of quantum entanglement, such as the func-
tional inability to copy the exact quantum state (known as the no-cloning theorem)
and the ability to retain correlations over large distances for long periods, help in
the transmission of information in fundamentally secure way, faster computation,
and precision improved metrology [5, 10, 11]. Entanglement is a key aspect of
quantum communication where a highly secure cryptographic key can be generated
by exploiting the fundamental laws of quantum mechanics that are impervious to
eavesdropping. Quantum communication, information, and computation at its core
uses quantum bits or qubits, which can exist in multiple states simultaneously by
leveraging the property of superposition and are impossible to clone, thus offering

significant advantages over classical bits [1]. There are several means by which we
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can generate qubits such as trapped ions [12], quantum dots [13], photons [14, 15],
and superconducting circuits [16, 17]. Each qubit technology has its own advantages
and challenges. For example, trapped ion qubits are difficult to scale and compara-
tively slow in operation [18], quantum dot qubits require precise manipulation, and
superconducting qubits require a cryogenic environment [19, 17], and they also deco-
here quickly. The photonic qubits offer several advantages over others due to their
long coherence time, room temperature operation, ease of transmission, scalability,
and versatility [4, 20]. These mentioned key benefits make them promising can-
didates for various applications such as quantum computing, communication, and

information processing [20, 10, 21].

Photon offers various degrees of freedom such as energy-time [22, 23], polariza-
tion [4, 24|, spatial mode [25], orbital angular momentum [26], time-bin [23, 27],
and path-polarization [28] to generate a wide variety of entangled states. Among
these, polarization-entangled states are advantageous for quantum communication
and information processing due to the ease of comprehensive manipulation via well-
developed standard optics. Some of the prominent technologies for this polarization-
entangled photonic state generation are spontaneous parametric down-conversion
(SPDC) [29], spontaneous four-wave mixing (SFWM) [30], integrated photonic chips
[31], quantum dots [32], and atomic ensembles [33]. Out of these, SPDC is the most
effective and widely used technique for photonic qubit generation owing to high pho-
ton flux, mature fabrication, well-developed dispersion compensation technique, and
easy pump rejection (since the pump and down-converted photons are well separated

in frequency).

SPDC process is frequently used to generate visible and telecom photons for free
space and fiber-based quantum communication applications. Free space quantum

communication uses low-loss visible photons and highly efficient compact avalanche
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photodetectors to transmit the information to remote users. The main challenges
in free space quantum communication come from atmospheric interference (such
as scattering, absorption, and turbulence) [34], line-of-sight requirement, optical
alignment, and stability. These factors limit its scalability for ground-to-ground
communication. On the other hand, fiber-based quantum communication (tele-
com photonic entanglement) reaps from the existing fiber network infrastructure to

transmit secure information to remote users.

In the last two decades, telecom-photon-pair generation through SPDC has been
realized in several materials, including beta barium borate (BBO) [35], periodically
poled potassium titanyl phosphate (PPKTP) [36], and periodically poled lithium
niobate (PPLN) [4]. Among these, PPLN-based sources provide the highest spec-
tral brightness (high photon flux ~10° pairs/s/mw/GHz) and large bandwidth (~
40 nm) [37], which is essential for long-distance quantum key distribution (QKD)
and communication applications. The SPDC photons often have high spectral corre-
lation [38, 39], which is useful for multi-user QKD and communication applications
where no crosstalk is desired between the channels/users. However, specific applica-
tions such as linear optical quantum computing [40] and quantum interference-based
photonic processors [41] require spectrally uncorrelated (pure) photons. Now, such
sources can also be achieved through the SPDC process by tailoring the phase-
matching function of the material via geometry-induced dispersion [42]. This thesis
involves the theoretical/experimental generation and characterization of spectrally
pure, spectrally correlated, and polarized entangled photons at telecom wavelengths

in a PPLN ridge waveguide.

The photonic entanglement-based cryptography holds the potential to generate a
secure key over a longer distance than decoy-based quantum cryptography [43].

For example, time-bin entanglement has been demonstrated over 200 km [44] and
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300 km [45] distance via fiber spools, and polarization entanglement has been dis-
tributed over 192 km of deployed optical fiber [4]. This reflects the potential of
photonic entanglement for long-distance QKD. Polarization-entanglement is often
preferred over time-bin entanglement for higher key generation, but there is one
major concern, which is its susceptibility to environmental influences like stress,
movement, and temperature change along the fiber link [4]. These factors intro-
duce the polarization-mode-dispersion (PMD) in the transmission channel, which
degrades the entanglement quality and limits the range of transmission. Recently
some small area quantum communication networks have also been demonstrated uti-
lizing an SPDC source where each user shares an entangled photon with the other

[46, 47, 48, 49].

Despite these advances in fiber-based quantum communication, the scalability of the
quantum communication network continues to be inadequate due to the difficulty
of source deployment, lack of realistic scalable quantum repeaters [50, 51], and not
exploiting the broadband entanglement to its full potential [51]. The scalability of
a city-wide or local-area quantum communication network requires widespread con-
nectivity, trusted-node-free operation, and an efficient and easily deployable source
that can be located at the center of the network. The source acts as a service
provider and will generate highly entangled photon pairs and distribute them to
remote users through the fiber network. In this regard, a single broadband source
that generates entangled photons can serve this purpose with a suitable wavelength-
division-multiplexer (WDM) or arrayed-waveguide-grating (AWG), which demulti-
plexes the spectrum or distributes the entanglement in multiple wavelength channels.
Such optical-alignment-free, efficient, stable, and easily deployable sources are not
fully explored. In this work, we aim to explore such fully fiber-integrated sources of

entangled photons for long-distance QKD and communication over a city-wide fiber
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network.

In this thesis, we theoretically study the generation of spectrally pure photons at
telecom wavelength through lithium niobate on insulator (LNOI) waveguide and
compare the analytical and numerical methods of spectral purity estimation. We
experimentally demonstrate the generation of spectrally correlated and polarization-
entangled telecom photons through a fiber-pigtailed PPLN waveguide in a com-
pletely fiber-integrated setup. We also characterize a multi-user source for long-
distance (metropolitan-scale) QKD and study the effect of PMD on polarization

entanglement distribution.

To generate these different types of telecom photons, we utilize the SPDC process
and also make use of the second harmonic generation (SHG) process to characterize
(to find the parameters such as phase-matching temperature, efficiency, etc) the
source (especially in the experimental work). Therefore, providing a brief back-
ground on these processes would be appropriate here. Also, the theoretical un-
derpinnings of SHG and SPDC would later be helpful in understanding the two

experimental processes in fiber-integrated PPLN waveguides.

1.2 Second harmonic generation (SHG)

In nonlinear optical media, polarization has a nonlinear dependence on the electric
field when the amplitude of the applied electric field is of the order of atomic electric
field strength ~ 10* V/m. This sufficient high electric field can be obtained through
an intense laser beam, and when such an intense beam is passed through a nonlinear

optical media, the polarization can be expressed as [52, 53, 54]

P=e¢xVE + e, x\PEE + e, x¥EEE + ... (1.1)
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where €, is the permittivity of free space, x(!) is the linear susceptibility, and y® and
x®) are the second and third order nonlinear optical susceptibilities, respectively.
In noncentrosymmetric materials, such as BBO, KTP, and LiNbOs, x® # 0 and
it is responsible for the phenomenon namely sum frequency generation, difference

frequency generation, SHG, and SPDC.

SHG is a second-order nonlinear process where two photons of frequency w combine
to generate a photon of frequency 2w, providing the phase-matching conditions are

satisfied (see Fig. 1.1). This is a classical process, and the efficiency can be calculated

ﬂ)’ @ j() Signal
—
w 2w
ks
—>—— >—:$
k, k5 Ak
Ak =kg —2k,

FIGURE 1.1: Schematic of second harmonic generation (SHG) process. A pump
photon at frequency w interacts with the y(2) material to generate a signal at
frequency at 2w by satisfying the energy and momentum conservation conditions.

from the coupled differential equations [52, 54, 55]

—= = T [F? 1.2
dz Cno 1€ (1.2)

— = — B 1.
dz cny 251€ (1.3)

where d is the nonlinear coefficient (d = %X(Q)), and c is the speed of light; Fy, Fs are
the field amplitudes, and nq, ny are the refractive indices at frequency w (pump) and

2w (signal), respectively. Ak = k, — 2k, = 22(ny — ny) is the the phase-matching

Cc
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condition or phase-mismatch. The efficiency is given as [52, 53, 54, 55|

_ 2uw?d* Py sin?(Akz/2)
= cningA - (Ak/2)?

(1.4)

where 1, is the permeability of free space, P; is the pump power, and A is the Area.
It is clear that if Ak # 0, then SHG efficiency will vary sinusoidally along the waveg-
uide/crystal length (z), and if Ak = 0, then efficiency will vary quadratically (z?)
with length. In practice, due to dispersion ny # nq and thus Ak # 0, it requires some
technique to satisfy the phase-matching condition. Quasi-phase-matching (QPM)
is one such technique that is usually employed in KTP and LiNbOj to satisfy the

phase-matching condition.

Quasi phase-matching (QPM)
In QPM, the crystal/waveguide is poled with a suitable period (i.e. crystal domains

(2) nonlinearity) as

are periodically inverted to result in a periodic sign change in y
shown in Fig. 1.2, which results in a factor of 2% (where A is known as poling period)
in phase-mismatch. The periodic poling is performed by placing periodic electrodes
(i.e. after a distance interval of A) along the waveguide length and then applying a
very high voltage pulse of the order of a few kV (~ 11 kV) or an electric field of the
order of ~ 22 kV/mm . This process inverts the sign of nonlinear coefficient d and
allows the effective constructive interference of newly generated photons with the
previously generated photons, resulting in an increase in the generated photons as
the input light propagates through the material. The nonlinear coefficient modifies to

2z

d(z) = deggsign(cos(%32)) or simply (after Fourier series expansion) d(z) = =={Le™a~

52].
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e

FIGURE 1.2: Schematic of QPM (periodic poling) in a x? nonlinear material.
Thus, with QPM, the phase-mismatch gets modified to

27

Ak = kg — 2k, — < (1.5)

where a suitable A helps in phase-matching i.e. in making Ak = 0. The value of A
will depend on the type of process and the wavelength that we want to phase-match;
for example, if we want to do the SHG of, say, 1550 nm light and 800 nm light in
PPLN waveguide with the type-II process, then we need two different poling periods
to satisfy the phase-matching conditions. Equation (1.4) can also be written as

 2uwid* Py 2?
 ninpA

n sinc®(Akz/2) (1.6)

which indicates that under perfect phase-matching, the second harmonic power
will have quadratic dependence on input pump power, and the efficiency will grow
quadratically with waveguide length. This equation is valid only for low conversion

efficiency assuming FE} is constant i.e. no depletion of the pump beam [52, 53, 54].



Chapter 1. Introduction 9

1.3 Spontaneous parametric down-conversion

(SPDC)

Spontaneous parametric down-conversion (SPDC) is a quantum mechanical process
where a pump photon of frequency w, annihilates to generate two photons of new
frequency w, and w; (known as signal and idler) in a x® nonlinear media (see
Fig. 1.3) [1, 56, 57]. Vacuum fluctuation seeds this process, and the frequencies
of the down-converted signal and idler photons are constrained by the energy and

momentum conservation conditions given as [1]
Wy = Wy + w; (1.7)

— — —

Ky =K, +

<

—~
—_
oo

~—

where w, ¢ ; are the frequencies and lgp,s,i are the propagation vectors of pump, signal,
and idler, respectively. In a waveguide, the photon emission is colinear i.e. all the
propagation vectors are aligned in the same direction, so the momentum conservation

can be written as

where k,; can be computed as ks; = 72— X [nefflps; where X is the wavelength

and n.ss is the effective refractive index of the corresponding photon. As discussed
above, momentum conservation (phase-matching) is not satisfied due to dispersion.
ie. Ak =k, — ks — k; # 0. This is again satisfied through QPM technique [52, 53],

and thus, Ak can be given as

Ak =ky—ky— ki — — (1.10)
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Pum i
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“p eee Idler w;
Energy conservation Momentum conservation
w, Signal ks . k; _ AK
il I S S
i w; Idler Ky

Q)pzws+wi Ak:kp_ks_ki

FIGURE 1.3: Schematic of spontaneous parametric down-conversion (SPDC) pro-
cess in a Y waveguide. A pump photon at frequency w, interacts with the Y@
material to generate two photons at frequency ws (signal) and w; (idler) by satis-
fying phase-matching conditions.

where A is the poling period of the waveguide.

Next, we briefly discuss the quantum-mechanical picture of SPDC by considering the
Hamiltonian of nonlinear interaction and vacuum state. The Hamiltonian governing

SPDC inside a nonlinear interaction volume can be expressed as [56, 58]

= /P(r, DE(r, )dr (1.11)

v

considering the nonlinear dependence of polarization on the electric field, it can be
approximated as

H o< XD E,(r, t)Ey(r,t) Ey(r, t) (1.12)

if we assume the pump to be a classical plane wave which remains undepleted and
quantize the electric field of output photons (i.e. E(r,t) o [aeir—«t) — gie=ilkr—wi)]),

then Eq. 1.12 modifies to [56, 58, 57]

H o ihGalal + H.c (1.13)
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where G x X(Q)\/Pp, P, is the pump power, a! and &ZT are the creation operators
corresponding to signal and idler photons and H.c is the Hermitian conjugate. The
vacuum state evolves with time, and the output state at the waveguide facet is given

as

(1)) = e Jo 1 [y (0)) (1.14)

considering the Hamiltonian of Eq. 1.13 it can also be written as
(1) = < J0,)[0) (1.15)
Thus, the above expression can be approximated as [1, 56]
[T(1)) = 10)05) + Gt L) [L) + (G1)* [25) [2:) + ... (1.16)

In the weak pump regime, the above series can be truncated after the first two
terms i.e., |[W(t)) = |0s)|0;) + Gt|1s) |1;), where the non-trivial term is |15)|1;),
which shows the generation of a biphoton (two-photon) state. The probability of
the biphoton generation strongly depends on waveguide length, pump power, and
x?) susceptibility /nonlinear strength. It also depends on the spatial mode overlap
(Aymn) of the pump, signal, and idler photon, where a higher mode overlap increases

the probability of biphoton generation [59].
A = [ ED0)EI™(0) B )P (1.17)

where [, m,n represents the I*, m'", and n'® mode field of pump, signal, and idler
photons, respectively. Depending on the polarization of the pump, signal, and idler
photon, the SPDC process is categorized into three types:

1. Type-0 (pump, signal, and idler have identical polarization): H, — Hs + H; or
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V, > Vit Vi,
2. Type-I (signal and idler have identical polarization but orthogonal to pump
polarization): H, — Vi, + V; or V, = H, + H;.

3. Type-1II (signal and idler have orthogonal polarization): H, — V; + H; or V,, —
Vs + H;.

In this work, we will deal with type-0 and type-II SPDC processes for telecom photon

pair generation through a PPLN ridge waveguide.

1.4 Measures of the SPDC source quality

1.4.1 Spectral brightness

The quality of an SPDC source is characterized by spectral brightness, which is
a measure of photon flux. A high photon flux/spectral brightness indicates high
quality, which is desired for long-distance QKD and communication applications.
Spectral brightness is generally defined as the photon pair generated per unit in-
put pump power per unit photon emission bandwidth, and it is reported in the
unit of pairs/s/mW /nm or pairs/s/mW/GHz. The number of photon pairs can be
calculated from N,u; = %, where Ny, N;, and N, are the signal counts, idler
counts, and coincidence counts, respectively [60, 61]. If we know the signal and
idler counts and the corresponding efficiencies of two paths, then N4, can also be
estimated via the relation Ny = 1sNpeir and/or N; = 1;Npq;,. Here in this thesis,
we take the latter approach to calculate the spectral brightness because, in the first
approach, the effect of the coincidence detection window is not incorporated. The

number of coincidence counts/s can change for fixed single counts by changing the

coincidence detection time window. We take the minimum of the detected signal
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and idler counts and consider the efficiencies of all components that are connected
between the point of generation and detection in that path to estimate the Npg.
The spectral brightness is then calculated by dividing the N,q;, with pump power

(which is used to generate the photons) and the filter bandwidth of that path i.e.

Npair(pairs/s)
pump power (mW)xspectral bandwidth (nm or GHz) *

1.4.2 Coincidence-to-accidental ratio (CAR)

CAR is another important parameter to measure the quality of an SPDC source,
which defines the temporal correlation between the generated signal/idler photons
[62] in a biphoton state. It is defined as the ratio of true coincidences and accidental
coincidences, CAR = C,/C, [63], where C; (true coincidences) is the peak coinci-
dence rate measured at zero time delay between the two output photons and C,
(accidental coincidences) is the background coincidence rate at any finite time delay
(larger than the measurement bin-width and/or the coherence time of the bipho-
tons). The peak of the histogram shown in Fig. 1.4 indicates the true coincidence

counts (C}), and the wing shows the accidental counts (C,).

Accidental coincidences in a quantum source can arise from several factors, such as
some background fluorescence/scattering process, multi-photon generation events,
detector dark counts, and/or pump photons leaking through the optical components.
CAR is an important figure of merit in estimating how many undesired noise photons
are being generated along with the desired photons. A high CAR value ensures
high quality of the photon-pair source, and it is also a measure of cross-correlation
function (gg)(O)) which is related to CAR via the relation gi?)(O) = CAR + 1 [64]

(note that this is not the conditional self-correlation or heralded g®(0)). To test

the emission of single photons or anti-bunched photons from a quantum source, one
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Ficure 1.4: Histogram showing the true coincidences and accidental counts
between the down-converted photons.

has to perform the heralded ¢ (0) measurement and not g? (0) [64, 65] because

(2)

gs; (0) is a measure of photon-pair generation.

1.5 Polarization entanglement

The state of a multi-particle system can be described as an entangled state if its
wave function can not be factored into a product of the wave functions of individual
particles. EPR or Bell states are two-qubit entangled states that show the non-
local nature of quantum mechanics. These states have a wide range of applications
in quantum teleportation, cryptography, communication, computing, etc. The Bell
states can be generated in a variety of systems, such as photons, electrons, atoms,
ions, etc. Here, we are interested in photons and especially in their polarization
degree of freedom. The photon in the polarization degree of freedom can be easily
manipulated with the help of standard optics to generate a Bell state. These Bell
states are categorized into four types depending on the polarization of two particles

(say signal and idler).
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|@*) = 7(!H>|H>+!V>IV>) (1.18)
@~ >—f (|HL) [H) — Vi) Vi) (1.19)
o) = \/— (1Hs) Vi) + [Ve) | Hy)) (1.20)
' >—f () Vi) = [Va) [ H;)) (1.21)

Here |H,) (|V5)) and |H;) (|V;)) represent horizontally (vertically) polarized signal
and horizontally (vertically) polarized idler photons. In Bell states, a measurement
on one photon allows us to predict the result of the measurement on the other
photon with 100% certainty. Various parameters can be used to test these non-local
correlations of Bell states and to verify the quantum entanglement. In this thesis, we
have used four parameters to characterize the generation of a polarization-entangled

Bell state through a fiber-integrated telecom source.

1.6 Parameters of entanglement characterization

1.6.1 Two-photon interference

The polarization-entangled photon pairs exhibit non-local correlations, which can be
checked by two-photon interference by projecting the photons into different linear
polarization states [66]. The probability of finding the entangled photon pair in the

projected state |6, 6;) is given by

1
P(0,,0;) = 50082(93 F0,) (1.22)
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or

1
P(0,,0;) = §s1n2(98 + 6;) (1.23)

where 0;; is the signal and idler arm’s polarizer angle, respectively, and Eq. 1.22
stands for Bell state |®*) and Eq. 1.23 stands for [¥%) [67]. In our case, for two-
photon interference measurement, the signal photon is projected onto one of the four
polarizations i.e. horizontal (H), vertical (V), diagonal (D), or anti-diagonal (A), via
a half-wave plate (HWP) and polarization beam splitter (PBS), and the polarization
of idler photon is varied by rotating the angle of HWP placed before the PBS in the
idler arm (see Fig. 1.5). The coincidence counts between the signal and idler photon
are measured during this process, and the state is then identified by the interference
fringe pattern (which follows Eq. 1.22 or Eq. 1.23). The visibility of interference

fringes can be calculated from the observed coincidence counts via the relation

Cmaa: - Cmin
V= ST 1.24
Cma:v + Omm ( )

where C,,,, and C,,;, correspond to the maximum and minimum coincidence counts

of a considered fringe.

1.6.2 CHSH-Bell’s inequality

The violation of CHSH-Bell’s inequality is an important parameter to verify the
generation of quantum entanglement [68, 14, 69]. The CHSH inequality was pro-
posed by J. Clauser, M. Horne, A. Shimony, and R. Holt [68], which is similar to
Bell’s inequality [70] but easily applicable in experiments, states that if the local

hidden variable theory is correct, then the inequality will be satisfied. However,
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FIGURE 1.5: Two-photon interference pattern of an ideal |®*) Bell state.

the inequality is routinely violated by the modern experiments of quantum mechan-
ics and quantum optics. The polarization-entangled Bell states violate the CHSH

inequality, which is expressed by [14, 69]
S = |(E(0a,6,) — E(6,,6,) + E(6,,6,) + E(6,,6,)] <2 (1.25)

C(0a,06)+C(04 ,05) —C(0a ,05) —C(0a.0;)

where E is the correlation coefficient, E(6,,60,) = 6 00)+ OO B TCOL 8) TP B

C(0,,0y) is the coincidence counts when signal arm polarizer is set at an angle 6,
and idler arm polarizer is set at an angle 6,, and Qib = 0, +90°. The CHSH-Bell’s
inequality is violated for angles 6, = 0°, 8, = 45°, 0, = 22.5° and 6, = 67.5° [14, 67].

However, if we use a half-wave plate (HWP) and a polarization beam splitter (PBS)
for Bell state analysis (to project the photon in a particular polarization state), the

correlation coefficient E(f,, 6,) can be calculated from

(1.26)
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where C(6,,6,) denotes the coincidence counts corresponding to the case when the

signal-arm HWP is at an angle 6, and the idler-arm HWP is at an angle 6,, and

0ap = 0o+ Z. The Bell state (|9*) or |¥F)) violates Eq. (1.25) at the HWP

angle 6, = 0°, (9; = 22.5° 0, = 11.25°, and 0;) = 33.75°. The maximum violation

is observed for an ideal Bell state, which has S value = 2v/2. The violation of

CHSH-Bell’s inequality can be estimated in terms of standard deviation by [71]
S—B

g

violation (in terms of standard deviation) = (1.27)

where S is the experimentally observed S-parameter value, B is the classical limit of
the S-parameter (i.e., S = 2), and o is the standard deviation in the experimentally

observed S-parameter.

1.6.3 Quantum state tomography

Quantum state tomography (QST) characterizes the complete quantum state of a
system through a series of measurements on identical copies of the same state, where
each measurement illuminates a new dimension of the unknown state. In order to
find the generated state, at least 16 measurements are performed by projecting the
signal and idler photons in different polarization bases and measuring a coincidence
event between the two photons [72, 73]. The density matrix is then reconstructed,

and its overlap with the ideal Bell state is checked through a parameter known as

fidelity (F), which is defined as [72, 74]

F = (trace{\/Vopv/c})? (1.28)

where o is the density matrix of the desired ideal Bell state, and p is the density

matrix of the experimentally observed state. A fidelity value of 0.7 is considered the
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classical threshold i.e. F > 0.7 indicates the generation of an entangled quantum

state [4]. In this thesis, to find the fidelity of the generated Bell state, we perform the

Im (p)

Re (o) (c) Im () Re (p) (d) Im (p)

FIGURE 1.6: Density matrix of an ideal Bell state (a) [®1) (b) [®7) (c) [¥T) (d)
|¥~). Various colors in the density matrix are intended for presentation purposes
only and do not reflect any information.

QST measurement by projecting signal and idler photon in 16 different combinations
of polarizations (see TABLE 1.1 ) via a combination of a quarter-wave plate, a half-
wave plate, and polarization beam splitter [73]. Figures 1.6 (a), (b), (c), and (d)
represent the density matrices of the ideal |®*), |®7), [UT), and |¥~), Bell states

respectively.

1.6.4 Concurrence

In a two-qubit state, the entanglement can also be certified by the parameter known
as concurrence (C), and it can be calculated from the reconstructed density matrix

of the QST measurement. Concurrence is defined as [75]

Cp) = max{0, /A = VA = V& = Vo) (1.29)
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TABLE 1.1:

Quarter-wave plate (QWP) and half-wave plate (HWP) angles in

the signal and idler path for QST measurement [73].

Signal path Idler path
S.N. | QWP angle | HWP angle | QWP angle | HWP angle

1 0° 45° 0° 45°
2 0° 45° 0° 0°

3 0° 0° 0° 0°

4 0° 0° 0° 45°
5 0° 22.5° 0° 45°
6 0° 22.5° 0° 0°

7 45° 22.5° 0° 0°

8 45° 22.5° 0° 45°
9 45° 22.5° 0° 22.5°
10 45° 22.5° 45° 22.5°
11 0° 22.5° 45° 22.5°
12 0° 45° 45° 22.5°
13 0° 0° 45° 22.5°
14 0° 0° 90° 22.5°
15 0° 45° 90° 22.5°
16 0° 22.5° 90° 22.5°

where \;(i = 1, 2, 3, 4) are the eigenvalues in decreasing order of the matrix pp,
which is defined as

pp = P(Uy ® Uy)p*(ay ® Uy) (1.30)

where o, is the Pauli matrix, p is the density matrix of the polarization-entangled
state reconstructed through QST, and p* is the complex conjugate of the density
matrix. A concurrence (C) value of 0 indicates that the state is completely separable,
and C = 1 indicates that the state is maximally entangled. C value of ~ 0.5 indicates
the classical threshold i.e. if C > 0.5, it represents the quantum state, and if C is
below 0.5, then it shows that the state is classical. Without QST, the lower bound
of concurrence i.e. the minimum concurrence of the state, can also be estimated

from the two-photon interference visibility via [67]

Clp) > Vv +Vp_a—1 (1.31)
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where Vg _y and Vp_ 4 are the visibilities in the H-V and D-A basis, respectively.

1.7 Objective of the thesis

The main objective of this work is to design, characterize, and develop an effi-
cient multi-user source of polarization-entangled photon pairs at telecommunication
wavelength for long-distance WDM-QKD, secure communication, and metrology
applications. The thesis presents a) A LNOI ridge waveguide design for spectrally
pure telecom photon generation and a comparison of analytical and numerical so-
lutions of spectral purity measurement. b) A fully fiber-integrated setup based on
type-0 quasi-phase-matched Zn-indiffused MgO:PPLN waveguide for the generation
of highly spectrally /temporally correlated photon pairs at telecom wavelength. c)
A broadband polarization-entangled photon pair source at telecom wavelength. d)
The generation and characterization of tunable Bell states in 14 channel pairs of
the International Telecommunication Union (ITU) (dense WDM, 100-GHz spacing)
grid around 1550-nm for multi-user QKD & communication, and the demonstration

of entanglement distribution up to 100 km.

The primary results of this thesis are as follows:

1) A robust LNOI waveguide design for spectrally pure (~ 90%) telecom photons;
a comparison of analytical and numerical solutions of Schmidt decomposition for

quantifying spectral purity parameter.

2) Zn-indiffused MgO:PPLN ridge waveguide characterization, along with both the-

oretical and experimental study of second-harmonic-generation (SHG).
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3) Experimental demonstration of broadband generation of spectrally and tem-
porally correlated photon pairs in telecom band (S, C, and L) in Zn-indiffused
MgO:PPLN waveguide.

4) Experimental demonstration/verification of a high-brightness source of broadband
polarization-entangled photon pairs spanning the telecom C (~ 1520 - 1550 nm)-
and L (~ 1550 - 1580 nm)-bands.

5) A novel design, along with the experimental characterization of a multi-user source
of polarization-entangled photon pairs in 14 different channel pairs of the ITU grid
around 1550 nm; experimental demonstration of long-distance transmission (100-
km) of polarization-entangled photon pairs through fiber spools and the impact of

PMD on entanglement distribution.

1.8 Thesis layout

The thesis structure is as follows: Chapter 1 introduces the background of this field,
the definition of all the nonlinear processes involved in the generation of photon
pairs, and the parameters used in the characterization of the PPLN source. Chapter
2 discusses the two metrics (joint spectral intensity (JSI), and Schmidt decomposi-
tion) used to measure the spectral correlation of photon pairs and also presents a
LNOI waveguide design for spectrally pure telecom photon generation. A compari-
son between the analytical and numerical solutions of spectral purity measurement is
also studied in this chapter. Chapter 3 shows a numerical simulation of Zn-indiffused
MgO:PPLN ridge waveguide and a theoretical & experimental study of second har-
monic generation (SHG) for source characterization. Following this, Chapter 4
presents a complete characterization of a fiber-integrated broadband source of spec-

trally and temporally correlated photon pairs at telecom wavelength. Chapter 5
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demonstrates a broadband source of polarization-entangled photon pairs spanning
the telecom C- and L-bands. Finally, Chapter 6 presents a fiber-coupled telecom
source of tunable polarization-entanglement for long-distance multi-user QKD and
communication. The suitability of the source for long-distance (metropolitan scale)
multi-user QKD is shown by the successful transmission of polarization-entangled
photon pairs up to a distance of 100 km through single-mode fiber spools; the de-
tailed study of the effect of PMD on entanglement distribution is also presented.
Finally, Chapter 7 summarizes the work and discusses the future direction of this

research work.

The appendix section A details the characterization of all fiber-optical components
(through a classical tunable telecom source) that are used in the experiments (which

are presented in this thesis).






Chapter 2

Spectral purity analysis via
Schmidt decomposition: LNOI

design for spectrally pure telecom

photon-pair generation!

In this chapter, we discuss two methods, joint spectral intensity (JSI) and Schmidt
decomposition, that can be used for SPDC photon pair spectral correlation charac-

terization. We present a detailed derivation of Schmidt decomposition along with a

1

Parts of this chapter have been published in the followings

a) Ramesh Kumar, Vikash Kumar Yadav, Vivek Venkataraman, and J. Ghosh, “Tempo-
ral Properties and Schmidt Decomposition of the Biphoton State in a ppLN Ridge Waveg-
uide”, Frontiers in Optics 4+ Laser Science 2021, paper JWT7A.94.

b) Vikash Kumar Yadav, Vivek Venkataraman, and Joyee Ghosh, “Spectral purity of
telecom photon pairs from on-chip LNOI waveguides: comparison between analytical and
numerical calculations” Quantum Inf Process 24, 11 (2025).

25
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simple analytical formula of Schmidt mode coefficients which can be used to calcu-
late the spectral purity of the biphoton state. We also propose an experimentally
feasible robust lithium niobate on insulator (LNOI) waveguide design for spectrally
pure telecom (1560 nm) photon pair generation and show a comparison between the
analytical and exact numerical solutions of Schmidt decomposition by observing the
effect of pump bandwidth and waveguide length on spectral purity. The proposed
waveguide can be used to generate heralded pure single photons, which have direct

applications in quantum computing, communication, and quantum simulation.

2.1 Introduction

The spectral correlation information of photon pairs generated from a quantum light
source based on nonlinear optical processes is beneficial in determining its potential
application. Spectrally correlated photons are helpful for applications such as quan-
tum cryptography [11, 76|, information processing [77], and to mitigate chromatic
dispersion in communication [38, 78|, whereas applications such as linear optical
quantum computing (LOQC) [40], prepare-and-measure based QKD protocols [79],
quantum repeaters [50], and other quantum interference experiments [80] require
spectrally uncorrelated (pure) high brightness single photon source. The energy
and momentum conservation relations associated with nonlinear processes such as
SPDC and SFWM generally lead to the generation of spectrally correlated pho-
tons [77, 81, 82, 59, 83, 84]. To obtain a pure heralded single-photon source, simply
heralding one of the photons does not help as it projects the partner heralded photon
into a mixed state, limiting its usability [85]. Also, the spectral correlation filtering
through a narrow-band filter degrades the brightness [86], and it limits the degree of

purity. The elimination of spectral correlations requires stringent conditions, such
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as perfect dispersion engineering, specific pump bandwidth, and crystal length. A
pure heralded single photon source based on SPDC or SFWM can be achieved by

tailoring these required conditions [85, 87, 88, 89].

Here, we discuss two measures viz. JSI [59, 90, 89] and the Schmidt decomposition
[89, 91, 92] to study the spectral correlations of SPDC photon pairs and derive all
the essential conditions for spectrally pure biphoton state generation. We present
a detailed derivation of Schmidt decomposition and validate our analytical expres-
sion of Schmidt coefficients from two published results in the literature. We also
propose an on-chip source design based on the LNOI ridge waveguide to generate
spectrally pure telecom photons at 1560 nm. The waveguide dimensions and pol-
ing period are well within modern nano-fabrication tolerances [42, 93, 94, 95] and
justify its practical implementation. The spectral purity of the generated biphoton
state is estimated through both analytical and numerical solutions, and a compar-
ison is carried out between the two methods by extensively studying the effect of
pump bandwidth and waveguide length on spectral purity. Finally, we check the
robustness of the LNOI waveguide by considering the effect of scattering losses on
spectral purity. The proposed source can be used as a heralded pure single-photon
source in various quantum applications such as communication, multi-port quantum

interferometer-based computing, and information processing [41].

2.2 Metrics for spectral correlation measurement

The biphoton state generated from SPDC or SFWM may or may not possess the
spectral correlation. This spectral correlation information is vital to undermine the
applicability of the source for various quantum applications. Here, we discuss two

metrics, JSI and Schmidt decomposition, to measure the spectral correlation of the



Chapter 2. Spectral purity analysis via Schmidt decomposition: LNOI design for
spectrally pure telecom photon-pair generation 28

biphoton state generated through SPDC. The former gives a qualitative picture of
the spectral correlation in the two-photon state, while the latter gives a quantitative

measure.

2.2.1 Joint spectral intensity (JSI)

The wave function of an output biphoton state of the SPDC process is defined as
[89, 91, 90]
T) ~ S, / / duosdios f (o, 1) (w3)d! (@) [vac) (2.1)

where S, is the spatial overlap of pump, signal, and idler modes; |vac) is the vacuum
state; af(w,;) is the creation operators of signal, and idler, respectively. f(ws,w;)
is the biphoton amplitude or joint spectral amplitude (JSA) function defined as
[59, 89, 90, 25]

_(wstwizwp AkKL, _,
flws,wi) =€ o p)Qsinc(T)e’lMé (2.2)

where L is the crystal or waveguide length, w, and o, are the pump central frequency

and spectral bandwidth, respectively, and Ak is the phase-mismatch as defined

carlier. Here, the spectral bandwidth is defined as o, = %f\%’\p, where ¢, \,, and A\,
P
are the speed of light, pump central wavelength, and pump bandwidth respectively.

wg +“"i —wp

The first term (6_( P )2) on the right-hand side of Eq. 2.2 corresponds to the

pump envelope function (PEF), and the remaining terms correspond to the phase-

matching function (PMF). The modulus square of the JSA is the JSI, i.e. JSI =
|f(w87 wz)|2

The JSI profile unveils the spectral correlation present in the biphoton state. In
the [ws,w;] or [Ag, \;] space, if the JSI profile is a circle or normal ellipse parallel to
either signal or the idler-axis, then the biphoton state has no spectral correlations

(see Fig. 2.1(a)) [89, 85]. The generated photons do not require any tight filtering to
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FIGURE 2.1: Schematic of joint spectral intensity (JSI) for (a) spectrally uncor-

related biphoton state (b) spectrally correlated biphoton state.
eliminate the spectral correlations since, in this scenario, the photons are inherently
spectrally uncorrelated or pure. Such uncorrelated photon pair source can be used
as a heralded pure single-photon source. If the JSI spectrum is an ellipse with an
inclination other than 0° and 90° (see Fig. 2.1(b)), it signifies the existence of a finite
spectral correlation between the signal and idler photons [89, 96]. These spectrally
correlated photons are essential for entanglement-based quantum key distribution

and quantum metrology applications [77, 46].

2.2.2 Schmidt decomposition

When a quantum system that is comprised of many interacting subsystems devel-
ops correlations in certain parameters amongst the subsystems, the correlation or
entanglement can be described by Schmidt decomposition, where a preferred or-
thonormal basis is constructed to emphasize the correlation [92]. Let us consider a

two-component composite system whose state can be written as

|U) = %9

ai) |b;) (2.3)
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where, |V) € H (H = H, ® H,) (Hilbert state space), is the pure state with density
matrix p = |¥) (VU|. Then there exists a set of orthogonal bases |u;) € H, and

|v;) € H, such that |¥) can be written as

W) = Sici [ug) |vi) (2.4)

where ¥;|c;|? = 1. Such a representation is known as Schmidt decomposition [92].
It provides a quantitative method to find the degree of entanglement or separability

of the constituent subsystems.

A similar approach can be applied in SPDC, where the JSA can be decomposed to
find the spectral correlation of the biphoton state. In general, JSA is not factorable,
ie., fws,w;) # ¥(ws)d(w;), which means that the state is not separable, signifying
the presence of spectral correlations. However, under certain conditions, it can be
factorized i.e. f(ws,w;) =~ ¥ (ws)d(w;), which are discussed next in this section. Let
us consider a general down-converted signal and idler photon pair through SPDC at
frequencies w, and w;, respectively; let w,, W, and w; are the perfectly phase-matched
(Ak = 0) or central frequencies of pump, signal, and idler, respectively such that
W, = ws +w;. The phase-mismatch (Ak = k,(ws +w;) — ks(ws) — ki(w;) — Qf) is zero
only for these central frequencies by the choice of poling period A. Now consider a
Taylor series expansion up to the first order of the propagation vectors about their

respective central frequencies, the phase-mismatch becomes

Ak = k(@) — ks (5) — ki (@) — == + (ws +w; — @y )k, — (ws — )k — (wi — i) Ky (2.5)
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where k‘; = dk&‘iw”w:@, w=p,s,1. Now k,(w,) — ks(w0s) — ki(w;) — %’r = ( since

phase matching is perfectly satisfied for the central frequencies. Therefore

Ak = (w, — @) (k, = k,) + (w; — @) (k, — k) (2.6)

We leave the term e(~AkL/2)

in Eq. 2.2 for the mathematical simplification since
JSA can also be defined as v/ JSI. To find an analytical solution, the sinc function
in Eq. 2.2 is approximated with a Gaussian function by neglecting the contribution
from side lobes (sinc(2EL) ~ e=7(BK1)%) The factor v = 0.04822 is chosen such
that full width at half maximum (FWHM) of sinc and Gaussian functions are equal

[89, 87]. Using this approximation and Ak from Eq. 2.6, we get

Flws, w;) = e~ Aws =) g~ Blwi=w1)? =20(ws =) (wi=wi) (2.7)
where A = a%% +y(k, — k,)’L* B = a%% + y(k, — k;)*L* and C = Ui% +y(k, —
k,)(k, — k;)L?. It is clear from Eq. 2.7 that the two-photon state or f(ws,w;) is
factorable only if C' = 0 i.e., if O—Ag = —y(k, — k,)(k, — k;)L* which is possible if
k‘; < k; < k; or k‘; < k:; < k:;, (these inequalities implies that the group velocity
of the pump should lie between the group velocities of the signal and idler). Thus,
for a factorable biphoton state, the first condition is that the pump photon’s group
velocity should be between the signal and idler photon’s group velocity, and then
the complete condition (C'=0) is satisfied with the help of pump bandwidth and
crystal or waveguide length. The effect of pump bandwidth and waveguide length

in spectral correlation elimination is detailed later in this chapter.
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To characterize the degree of separability of the given biphoton state, we expand

the JSA (Eq. 2.7) in frequency eigenbasis such that

flws,wi) = Zn\/A_n¢n(W8)¢n(Wi) (2.8)

where ¥, A\, = 1, and ¢, (w;), ¢n(w;) are the solutions of eigenvalue equations

/kl(ws,w)@/zn(w)dw = A\ (ws) (2.9)

/ ko (w1, 0) b (@) dew = Auhn (1) (2.10)

with k1 (ws,w) = [ flws,w;) f*(w,wi)dw; and ke(wi,w) = [ flws,w;)f*(ws,w)dws
[89, 91]. For the biphoton state, which has no frequency correlation, f(ws,w;) is
completely factorable i.e., only the first term (n = 0) on the right-hand side of
Eq. 2.8 is non-zero, and all other terms (n > 0) are zero; whereas for the bipho-
ton state, which has frequency correlations, f(ws,w;) is not factorable i.e., first few
terms (n > 0) are non-zero. The degree of factorizability or spectral correlation of
the state is quantified by the Schmidt number (K) or the entropy of entanglement

(S) [89, 91, 97], given as
1

K=
SaA2

(2.11)
S ==X A\ logy Ay (2.12)

The purity of the biphoton state can be calculated from the inverse of K (i.e. purity
= &) [85, 98]. A high value of S and K indicates a large spectral correlation between
signal and idler photon. Specifically, for a non-factorable (entangled) biphoton state
i.e., having a finite spectral correlation between photons, K > 1 and S > 0, whereas
for a factorable (pure) state i.e. when signal and idler photon do not have any

spectral correlation, K =1 and S = 0 [89, 91, 97].
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To obtain the Schmidt coefficient (A,), we solve Eq. 2.9 and 2.10 analytically by
using f(ws,w;) from Eq. 2.7 and choosing appropriate ¥, (w) and ¢, (w) functions.

We first normalize Eq. 2.7 and then used it to find k& (ws, w)

ki(ws,w) =T %efA((ws*ois)QJr(wfojs)Q)e

C? (ws+w—2u5)>
2B

(2.13)

where T = 24B=C g the normalization coefficient of JSA (Eq. 2.7), and then
—(w—uws)?

consider p(w) = e~ 2 , a fundamental Hermite-Gaussian (HGg) function, where

o is the spectral bandwidth of the Gaussian function, and check if it satisfies the

eigenvalue Eq. 2.9. The left-hand side (L.H.S) of Eq. 2.9 ([ ki(ws,w)n(w)dw)

results in
2vAB — C? _ C? ct
LHS = exp(—(ws — @)} (A~ o ~ 25y
(2.14)
This satisfies the eigenvalue equation if (A — &= — — ) — 5 which leads

T 2B 2B(2AB-C?+23)
to the condition that o = (s352-=5)"/4. Thus we find that \g = —2AB=C_ Tf we

A2B-AC? 2AB-C?+25°

, a first order Hermite-Gaussian (HGyg) function,

_202VAB-C? Similarly, a second order HG

(2AB-C?+28)3

function will give Ay = (;f;— VC’L‘;B;C;)Q. Note that these Schmidt coefficients would
_ +072 2

_g,) —lw=ws)?
consider ¢ (w) = Me T

and solve the Eq. 2.9 then it gives A\ =

be the same if we solve Eq. 2.10 instead of Eq. 2.9.

From the above Schmidt coefficients, we conclude that these follow a geometric

progression, and thus, the nth coefficient can be calculated as

2n _ 2
\ L 20"WAB-C 1 2.15)
(2AB — C? 4 2Byn+s

We note that Eq. 2.15 satisfies the condition ¥,)\, = 1, and Hermite Gaussian
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FIGURE 2.2: Reproduced Schmidt decomposition results of (a) Ref. [89] (degen-
erate type-II SPDC in BBO with pump wavelength = 800 nm, crystal length L
= 2.6 mm and pump bandwidth = 15 nm). (b) Ref. [91] ((k, — k,)L = 0.061

/ ’

ps, (k, —k;)L = 0.213 ps and L = 0.8 mm, o}, = 35 ps~!). The insets show the

corresponding JSI profiles.
functions are a suitable choice for the functions ¢, (ws) and ¢,(w;). The accuracy
of our analytical expression of the Schmidt coefficient, given by Eq. 2.15, is verified
against two sets of published results of Ref. [89, 91] (The reported results of W.
P. Grice et al. [89] are based on an analytical expression [89, 99|, and the reported
results of C. K. Law et al. [91] are numerically computed.). Figures 2.2(a) and 2.2(b)
show the reproduced Schmidt decomposition results for spectrally uncorrelated and
spectrally correlated biphoton states, respectively (the insets show the corresponding
JSI profile). The results from our analytical expression match well with the published
results. For spectrally uncorrelated photon pair (see Fig. 2.2(a)) the calculated K
is ~ 1.01, S is ~ 0.05, and purity ~ 99%, whereas, for the spectrally correlated
photon pair (see Fig. 2.2(b)) the calculated K is ~ 1.81, S is ~ 1.22, and purity is
55.25%. Further analysis shows that our analytical formula is same as the normalized
expression of W. P. Grice et al. [89], but we note that the authors in Ref. [89] have
not provided a detailed derivation of the Schmidt coefficients, and the reported

expression is not normalized. These missed details are fulfilled in this study.
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2.3 Spectrally pure biphoton state from LNOI-

ridge-waveguide

The recent developments of the thin-film lithium niobate on insulator (LNOI) pho-
tonic platform [100, 101] have given a boost to the on-chip integrated quantum light
sources. The condition of spectrally pure biphoton state generation can be easily
achieved in these LNOI waveguides because of the geometry-induced dispersion i.e.,
the group velocities can be tailored by choosing an appropriate waveguide dimension.
Here, we propose such an LNOI ridge waveguide to generate spectrally uncorrelated
(pure) photons at telecom wavelength via SPDC. The waveguide is X-cut and Y-
propagating and has a height of H = 0.72 pm, width of W = 1.2 nm, length of L =
5 mm, and slant angle of § ~ 80°. Figure 2.3(a) shows the air-clad LNOI waveguide
cross-section in which SiO, is the substrate and 5% MgO doped lithium niobate
(MgO:LN) is the guiding channel, and it is phase-matched for a degenerate type-11

SPDC process (780 nm (pump, o-ray) — 1560 nm (signal, o-ray) + 1560 nm (idler,

e-ray)).

The waveguide modes are numerically analyzed in COMSOL multiphysics using
the finite element method by considering the material dispersion through Sellmeier
equations (SiOy [102] and MgO:LN [103] at room temperature 26°C). The Sell-
meier equations are detailed in the Appendix A section. The waveguide-supported
fundamental modes at pump, signal, and idler wavelengths (shown in Fig. 2.3(b))
are well confined due to high refractive index contrast. We find that the requisite
poling period for the considered type-II down-conversion process is A ~ 3.015 pm.
Although the current technology allows such small periodic poling, if there is any
fabrication imperfection in the poling period, it can be compensated by tuning the

temperature of the waveguide. To generate spectrally pure telecom photon at 1560
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nm, we consider a pulsed pump at 780 nm having a FWHM bandwidth of 2 nm and
a Gaussian-shaped PEF (see Fig. 2.3(c)), which satisfies the necessary condition of
factorizable/pure state generation. Figure 2.3(d) shows the dispersion-engineered
PMF, and Fig. 2.3(e) shows the resultant JSA. The JSA profile indicates the gen-
eration of a spectrally pure state, and the parameters required to achieve spectral

purity are within the practical domain [42].

Our analytical formula (Eq. 2.15) suggests that for the generated biphoton state,
the Schmidt number (K) is ~ 1, and the entanglement entropy (S) is ~ 0; however,
the exact numerical solution (without Gaussian approximation in PMF) computes
K ~ 1.11 and S ~ 0.37 (this corresponds to a purity value of ~ 90%). We notice that
both results indicate the generation of spectrally pure telecom photons around 1560
nm though the values from the analytical formula and exact numerical solutions
differ slightly. The main reason for this difference is the Gaussian approximation,
which disregards the side lobes of the PMF and, hence, the losses in spectral purity.
To find a comparison between the two methods, we further investigate their results

for different waveguide lengths and pump bandwidths.

2.4 A comparison between analytical and numer-

ical solutions of Schmidt decomposition

In this section, we study the behavior of spectral purity with respect to waveguide
length and pump bandwidth. The spectral purity is calculated using both analytical
and numerical solutions. For our analytical solution as described above, we have
considered PMF as a Gaussian function (i.e., we have taken only the central lobe

of the sinc function), whereas, for the numerical solution, we consider the PMF to
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FIGURE 2.3: (a) Schematic of an X-cut LNOI ridge waveguide which is phase-
matched for type-II degenerate SPDC process: 780 nm (pump, o-ray) — 1560
nm (signal, o-ray) + 1560 nm (idler, e-ray). The waveguide cross-section is H
= 0.72 ym, W = 1.2 pm. (b) Waveguide-supported modes at pump, signal, and
idler wavelengths. (c) Pump (780 nm) envelope function (PEF) with bandwidth
(AAp) 2 nm. (d) Phase-matching function (PMF) for waveguide length (L) 5
mm. (e) Joint spectral amplitude (JSA) indicating the generation of spectrally
uncorrelated (pure) photons.

be the exact sinc function. Here (for the numerical solution), we consider a large
wavelength range (1460 nm - 1660 nm) for the calculation of PEF, PMF, and JSA

such that the effect of a large number of side lobes of sinc function can be taken into

the calculation.

Figures 2.4(a) and 2.4(b) show the effect of pump bandwidth on spectral purity for
fixed waveguide lengths of 5 mm and 13 mm, respectively. From Fig. 2.4(a) and
its inset, we notice that a detuning of the pump bandwidth (from 2 nm) increases
K and S and decreases the purity, i.e. causing a transition from the spectral pure
to spectrally correlated photon pair generation. A careful observation of both fig-
ures (2.4(a) and 2.4(b)) shows that the analytical formula slightly overestimates the
spectral purity than the exact numerical solution, and the two methods agree only
for the smaller pump bandwidths. Similarly, Fig. 2.4(c) and 2.4(d) show the effect

of waveguide length on K/purity at a fixed pump bandwidth of 2 nm and 15 nm,
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F1GURE 2.4: Effect of pump bandwidth on Schmidt number (K) and Purity (1/K)
using analytical formula and exact numerical solution for fixed waveguide length
(a) L =5mm (b) L = 13 mm. Effect of waveguide length on Schmidt number (K)
and Purity (1/K) using analytical formula and exact numerical solution for fixed
pump bandwidth (c¢) A\, =2 nm (d) A\, = 15 nm. Insets show the variation of
entropy of entanglement (S). Surface plot of purity for different waveguide lengths
and pump bandwidths using (e) analytical formula (Eq. 2.15) (f) exact numerical
solution.
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respectively. Again, we note that (from Fig. 2.4(c) and its inset) a detuning of
the waveguide length from 5 mm increases K and S and decreases the purity. Both
Figs. 2.4(c) and 2.4(d) suggest that the analytical solution slightly overestimates
the purity, and the two methods agree for smaller waveguide lengths. To completely
understand the effect of pump bandwidth and crystal length on spectral purity, we
show the surface plot through both the analytical expression (Fig. 2.4(e)) and exact
numerical solution (2.4(f)). The analytical solution shows a slightly higher tolerance
in the pump bandwidth and waveguide length than the exact numerical solution for

highly spectrally pure state generation.

From the above results, we conclude that under very specific conditions or critical
parameters (in this case AX = 2 nm, L = 5 mm), a source generates spectrally pure
photons and a deviation from these conditions leads to a large spectral correlation in
the output biphoton state. This can be understood in the following manner, for ex-
ample, for fixed waveguide dimensions and fixed pump, signal and idler wavelengths,
the terms 7, k;), k:;, k:; and L are fixed thus only a certain value of pump bandwidth
(0p) will satisfy the condition % = —(k, — k,)(k, — k;)L* and will make C = 0
(see Eq. 2.7) i.e. will make the JSA factorizable or, in other words, the waveguide
will generate spectrally pure photons. A deviation from this condition will make C
# 0 and thus lead to large spectral correlations, because now Eq. 2.7 is no longer
factorizable or separable. We note that the numerical solution yields lower spectral
purity than the analytical formula, which shows that the side lobes of sinc degrade
the purity. The side lobes can be suppressed to achieve high purity by employing
an appropriately apodized quasi-phase-matched (QPM) poling pattern, resulting in
a Gaussian-shaped PMF [104]. The photon pair spectrum can also be filtered to
suppress the side lobes, which will enhance the purity value close to the predicted

value of the analytical formula. Thus, the analytical expression can be safely used
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to compute the correct Schmidt number or purity if the output state is either fil-
tered or an apodized QPM poling pattern (resulting in a Gaussian-shaped PMF) is
used in the crystal or waveguide. This suggests that the results of the analytical

and numerical solutions will converge when the effect of side-lobes in PMF (in sinc

function) is minimized.

2.5 Effect of scattering loss on spectral purity

In LNOI ridge waveguides, the main source of propagation loss is the scattering loss,
and it arises from the rough sidewalls, which are a result of fabrication limitations
[105]. Here, we have studied the impact of scattering losses on the spectral purity

of the biphoton state. As the pump, signal, and idler photon propagate through
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FIGURE 2.5: Effect of LNOI ridge waveguide length on Schmidt number (K) and
purity (1/K) in presence and absence of scattering loss at fixed pump bandwidth
(2 nm). Here, spectral purity is calculated using the exact numerical solution; the
scattering losses of pump, signal, and idler photons are considered as 4 dB/cm, 2

dB/cm, and 2 dB/cm, respectively.

the LNOI ridge waveguide, they experience scattering from the sidewall roughness



Chapter 2. Spectral purity analysis via Schmidt decomposition: LNOI design for
spectrally pure telecom photon-pair generation 41

of the ridge channel, and in such a scenario, the JSA becomes [105]

7(“’3""“’1'_“’17)2 apL

f(ws,Wi) ~e - op e 4 6_(0‘57"5"1‘061'7‘1')%

Qgrs + ayr; — ap))L

sinc[(dk — z( 5 5} (2.16)

where 0k = (27” + ks + ki — kp); o, are the propagation losses of pump, signal,

and idler photons due to scattering from the sidewall roughness of the ridge channel,

respectively; ry = % is the ratio of group velocities of signal (V;) and pump (V,), and
r, = % is the ratio of group velocities of idler (V;) and pump (V},) photon. For our

LNOI ridge waveguide dimensions, the typical values of scattering losses without
any advanced fabrication techniques are approximately a,(780 nm) = 4 dB/cm,
a5(1560 nm) = 2 dB/cm, and «;(1560 nm) = 2 dB/cm respectively [93, 94, 106].
For our wavelength region of interest (1460 nm - 1660 nm), we consider a constant
loss profile, and we numerically compute the JSA to find the spectral purity. Figure
2.5 shows the effect of waveguide length on spectral purity at fixed pump bandwidth
(2 nm) in the presence and absence of scattering loss. We notice that the spectral
purity and K remain the same for both cases, which indicates that the scattering
losses do not affect the spectral purity, thus highlighting the robust nature of the

waveguide.

2.6 Conclusion

We present a comprehensible derivation of analytical formulae that can be used to
find the Schmidt mode coefficients (),) in an SPDC-biphoton state. The analytical
expression (Eq. 2.15) is verified against two sets of published results (Ref. [89]
and [91]), and it satisfies all the necessary conditions of Schmidt decomposition and
can be used to find the spectral correlation between photon pairs generated in any

SPDC process. We also present an experimentally feasible LNOI ridge waveguide
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design to generate spectrally pure telecom photons at 1560 nm using type-11 SPDC.
The estimated spectral purity of the biphoton state is ~ 90% (obtained through the
numerical solution) without any external filtering. We compare our analytical ex-
pression of Schmidt decomposition with the exact numerical solution by extensively
studying the effect of pump bandwidth and waveguide length on spectral purity
or K number. The results show that under very specific conditions, a source can
generate spectrally pure photons, and a slight deviation from these conditions leads
to a large spectral correlation in the output biphoton state. The results from these

two methods converge when the effect of side lobes of PMF is minimized.

We also note that the scattering losses in the LNOI ridge waveguide do not affect
the spectral purity of the generated biphoton state. The proposed on-chip source
design generates degenerate spectrally pure photons at telecom wavelength that can
be used in multi-port quantum interferometer-based applications like quantum com-
puting, quantum simulation, and communication [40, 79, 50, 80, 41]. Further, these
degenerate photons can be entangled in the polarization degree-of-freedom either
through post-selection [107] or via a Sagnac interferometer [108] with simple optics.
Thus, the proposed source can provide simultaneous spectrally-pure polarization-
entangled photon pairs, which is required for most photonic quantum computing

schemes [41, 109, 36, 110].



Chapter 3

SHG characterization in a
Zn-indiffused MgO:PPLN ridge

waveguide!

In this chapter, we present a numerical modal analysis of Zn-indiffused MgO:PPLN
ridge waveguide and experimental demonstration of second harmonic generation
(SHG). The waveguide supports near circular quasi-TM modes at 775 nm (multi-
mode) and 1550 nm (single-mode), which are the wavelengths of our interest. The
waveguide is commercially available, but we customize it slightly, i.e. we ask the
manufacturer to fiber-pigtail it with PM 1550 fibers on both ends because we use this
waveguide in the Sagnac configuration for entanglement generation later in Chapter

5 and Chapter 6. Here, we characterize two such Zn-indiffused MgO:PPLN ridge

1

Part of this chapter has been published in -Vikash Kumar Yadav, Vivek Venkataraman,
and Joyee Ghosh, “Broadband telecom photon pairs from a fiber-integrated PPLN ridge
waveguide”, Optics Letters 47(19), 5132-5135 (2022).
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waveguides having a phase-matching temperature of 41°C and 36.5°C, respectively,
via SHG. The experimentally observed normalized SHG efficiency of both waveguides
are ~ 30%/W and ~ 40.4%/W, respectively. The efficient SHG generation in these
waveguides from off-the-shelf telecom lasers shows that these waveguides can be
used in frequency-doubled lasers, high-resolution optical microscopy, and quantum

devices (for telecom photon generation through the SPDC process).

3.1 Introduction

The guided-wave optics provides an efficient way to implement linear and nonlin-
ear photonic circuits for many practical applications such as telecommunication,
sensing, imaging, and advanced quantum technologies [53, 37]. The guided wave
approach provides low loss, high confinement, enhanced nonlinear effects, and less
sensitivity to optical alignment, which results in improved efficiency [53]. Processes
such as guided wave SHG have applications in high-resolution optical microscopy
[111], frequency-doubled lasers [112], and ultra-short pulse characterization [113].
It is also an important first step in the characterization of a quantum light source
as well [114]. Here, our primary interest in SHG is solely for the characterization
of fiber-integrated Zn-indiffused MgO:PPLN ridge waveguide for quantum applica-
tions. As we described earlier, SHG and SPDC are two reverse processes that have
the same phase-matching parameters [114]. Though the latter is a quantum process
that generates quantum light, the former is easy to perform and detect (generation
at a near-visible wavelength in our case), and it also helps in determining the waveg-
uide efficiency and its operating parameters such as temperature, wavelengths, etc

beforehand for SPDC process.
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In this chapter, we first study the Zn-indiffused MgO:PPLN ridge waveguide through
numerical simulation to find the supported modes and theoretically expected SHG
signal. Later, we show the experimental generation of the SHG signal at near-visible
wavelength and study the effect of pump wavelength, waveguide temperature, and

pump power on the SHG signal.

3.2 Zn-indiffused MgO:PPLN ridge waveguide

In this section, we study a Zn-indiffused MgO:PPLN ridge waveguide whose di-
mensions are height (H) = 10 pm, width (W) = 10 pm and length (L) = 4 cm
(Covesion Ltd.: WGP-1550-40_18.5pm, S.N. Y1299 S9) (see Fig. 3.1(a)). The
waveguide has a poling period of 18.5 pm and is fabricated in z-cut (i.e., “z” de-
noting the optic-axis points in the vertical direction) MgO doped lithium niobate
(MgO:LN) substrate. It is phase-match for the following SHG process V(1550 —
nm, pump) + V(1550 — nm, pump) — V(775 — nm, signal), where V, 5 is the ver-
tically polarized pump, and signal respectively (values in the parenthesis denotes
the corresponding wavelengths) or in other words for the following SPDC process
Vo (775 —nm, pump) — V(1550 —nm, signal) + V(1550 —nm, idler), where V,, 5 ; are
the vertically polarized pump, signal, and idler photon, respectively. The waveguide
is type-0 phase-matched to access the highest nonlinear coefficient (ds3 = 25.3 pm/V
[115]) of the d-tensor matrix of lithium niobate (LiNbOs, LN).

0 0 0 0 ds —da

d tensor matrix of thium niobate = | —dyy doy 0 dgy; 0 0

Here dgs = 2.59 pm/V, d3; = 4.85 pm/V, and ds3 = 25.3 pm/V [115].
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3.2.1 Refractive index modeling

The waveguide is fabricated by coating a metallic Zn layer onto the MgO:PPLN
wafer using a commercial sputter tool, followed by the diffusion process in a furnace
with an oxygen atmosphere, and finally, it is optically diced in ridge shape such
that the cut depth exceeds the diffused layer [116]. According to the manufacturer
(Covesion Ltd), the optimum parameters for the diffusion process are diffusion time
(taifg) = 1 h, diffusion temperature (Ty;¢r)= 950°C, and Zn film thickness (d) = 100

nm [116, 117]. For these specified parameters, we find that the diffusion coefficient

Ane )

(D)=28.5 % and change in refractive index per mole concentration of Zn (W

= 1.22x107? [118]. Since the diffusion is only along one dimension (1-D), i.e., along
the z-cut axis of the MgO:PPLN waveguide, the Zn concentration profile can be

obtained using the 1-D diffusion equation

oC 0*C
o = Poz

(3.1)
where t is the diffusion time, D is the diffusion coefficient, and C'is the concentration.
Let t; be the depletion time, i.e., the time taken by the whole Zn film (deposited on
top) to diffuse into the MgO:PPLN substrate. When ¢ < ¢; the solution of Eq. 3.1
will be a complementary error function

z

C(z,t) = Co(e7“fc(4Dzf

) (3.2)

o : Zn) M g0.
where mass conservation gives ¢; = (5 1%00)2% with k = %% = 2.23. On

the other hand, if ¢ > ¢, then the solution is given by

Clat) = (1 )exp{_ZQ} (3.3)
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FIGURE 3.1: (a) Scanning electron microscope (SEM) image of Zn-indiffused MgO
PPLN ridge waveguide (credit-Covesion Ltd) [116]. (b) Change in refractive index
due to Zn diffusion along waveguide depth.

In our case, the diffusion time is much greater than ¢, so Eq. 3.3 can be used to

calculate the concentration C(z,t) which, when multiplied by - Ane

m will give us

the refractive index change due to Zn diffusion.

C(z,t)An,

An =
" Zn(mole%)

(3.4)

Figure 3.1(b) shows the change in refractive index over the depth of the waveguide,
and we note that the depth at which An becomes % of its maximum value is 5.83 pm
(which is in agreement with the manufacturer- that Zn diffusion is limited to within
10 pm depth of the waveguide). This calculation of Zn-indiffusion and the corre-
sponding change in refractive index serves as the recipe in our numerical simulation

of this waveguide, which is shown in the next section.

3.2.2 Numerical modal analysis of the waveguide

We simulate the waveguide geometry shown in Fig. 3.2(a) in COMSOL Multiphysics
to see the modal field profiles. First, in order to check the correctness of our simula-

tion structure, we have plotted the variation of the refractive index along waveguide

depth (see Fig. 3.2(b)) from the data generated through COMSOL. This shows that
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the effect of Zn-indiffusion is correctly considered in the waveguide simulation. The
red circles of Fig. 3.2(b) represent the refractive index values that are obtained from
the simulated waveguide in COMSOL by fixing the X coordinate and varying the Y
coordinate value and then finding the refractive index value at each (X, Y) point.
Thus, we effectively obtained the refractive index along the waveguide depth. The
inset of Fig. 3.2(b) shows the n.fs value for 775-nm and 1550-nm wavelengths at
different waveguide temperatures which is obtained by mode analysis. We then use
the numerical finite element method (FEM) in COMSOL to extract the supported
transverse magnetic (TM) modes (having vertical polarization) and the correspond-
ing effective refractive indices (n.ss) at the phase-matched wavelengths. The mate-
rial dispersion of 5% MgO doped lithium niobate is included through the Sellmeier
equation [103], which considers the effect of both wavelength and temperature (see
Appendix A for more details on Sellmeier equation). The n.ss of the fundamental
modes (T'Myg) of this waveguide has near-linear temperature dependence at phase-
matched wavelengths (775 nm (pump) and 1550 nm (signal/idler), see inset of Fig.
3.2(b)). Figure 3.2(c) and 3.2(d) show the fundamental modes of the waveguide
at 775 nm and 1550 nm, respectively. The waveguide has a single-mode operation
at telecom wavelengths around 1550 nm and multi-mode at 775 nm (higher order
modes are also supported, not shown here). We note that the fundamental modes at
both wavelengths are well confined and near-circular (Gaussian), resulting in high
mode overlap (~ 70.9%) and efficient coupling into and out of standard single-mode

fibers.
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FIGURE 3.2: (a) Zn-indiffused MgO:PPLN ridge waveguide structure. (b) varia-
tion of refractive index along waveguide depth. Inset shows the variation of n.ys
versus waveguide temperature. (c) Fundamental mode at 775 nm. (d) Funda-
mental mode at 1550 nm.

3.3 SHG in Zn-indiffused MgO:PPLN waveguide

In this section, we have experimentally characterized two Zn-indiffused MgO:PPLN
waveguides (dimensions as defined earlier), which we will later use for spectrally cor-
related and/or polarization-entangled photon pair generation (through SPDC). To
characterize these waveguides, we perform SHG and study their efficiency and phase-
matching parameters such as waveguide temperature, phase-matching wavelengths,
etc. We also compare our experimental results with the theoretically expected re-
sults, which we have found through the numerical simulation of the waveguide. As
introduced earlier in Chapter 1, a priori phase-mismatch (Ak) is not zero for SHG to

take place due to dispersion, but it is possible to make Ak = 0 using the QPM tech-

nique which leads to the phase-matching condition Ak = ?\—7: (Neff)s— 2?\—7; (efr)p— 2.
Here, we will exploit this condition in two PPLNs to generate SHG at near visible

wavelength.
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3.3.1 Waveguide 1

Our first waveguide is phase-matched for vertically polarized 1550 nm to vertically
polarized 775 nm generation i.e. the pump wavelength is 1550 nm, and the SHG

signal wavelength is 775 nm.

3.3.1.1 Experimental setup

Figure 3.3(a) and 3.3(b) show the schematic and on-table experimental setup for
SHG, respectively. The Zn-indiffused MgO:PPLN waveguide (WGP-1550-40_ 18.5pum,
S.N. Y1299 _S9) is mounted on an oven and is butt coupled to polarization-maintaining
fibers (PM 1550-nm) on both sides. The whole assembly is packaged in a box such
that the temperature of the waveguide (mounted on an oven), can be tuned with an
external temperature controller (OC2). A C-L band telecom tunable laser (EXFO:
T100S-HP-CL) with a maximum power ~ 19 mW is connected to a single-mode
fiber (SM 1550-nm) of 1-m length to pump the Zn-indiffused MgO:PPLN waveg-
uide. The waveguide output is collected via another single-mode fiber (SM 775-nm)
of 1-m length and then collimated into free space. A dichroic mirror is placed after
the collimator to filter out the SHG signal (775 nm) from the pump beam (1550
nm). Finally, a power meter with a photodiode sensor is used to measure the power

of the SHG signal.

3.3.1.2 Results

We pump the waveguide at 1550 nm with ~ 17 mW power i.e. the power at the end
of SM 1550 fiber, and monitor the generated SHG signal power through a power me-

ter as we tune the waveguide temperature through a temperature controller. Figure
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FIGURE 3.3: (a) Schematic of the experimental setup for second harmonic gen-
eration (SHG) in Zn-indiffused MgO:PPLN ridge waveguide. (b) Real setup of
SHG on an optical table. SM 775 or SM 780 fiber: Single-mode fiber at 775 nm,
SM 1550: Single-mode fiber at 1550 nm, PM 1550: Polarization-maintaining fiber
at 1550 nm.
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FIGURE 3.4: (a) Effect of waveguide temperature on SHG power. The waveguide
input pump power is ~ 17 mW, and the pump wavelength is fixed at ~ 1550 nm.
(b) Effect of pump wavelength on SHG power. The waveguide temperature and
pump power are fixed at ~ 41°C and ~ 17 mW, respectively. The red dots repre-
sent the experimental data, and the solid blue curve is the theoretical sinc%%).
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3.4(a) shows the effect of waveguide temperature on SHG power where the red dots
are the experimental value, which follows a sinc? profile, and the solid blue line is
the theoretically expected variation. The results indicate a maximum SHG power

generation of ~ 87 pW at ~ 41°C, which corresponds to a normalized conversion

efficiency of ~ 30%/W (n = Lopt = 0V __ ~ 30% /W). The FWHM bandwidth

Pﬁl 17mW X 17TmW

is ~ 2.5°C, which indicates that to harness the maximum efficiency, we have to keep
the waveguide within 41 + 1.25°C. Figure 3.4(b) shows the effect of pump wave-
length on SHG power at constant waveguide temperature (41°C) and pump power
(~ 17 mW). This also follows the sinc? behavior, where the dots represent the ex-
perimental values and the solid blue line is the theoretically estimated behavior. We
note that the SHG process is perfectly phase-matched for only 1550 nm, and a slight
deviation decreases the SHG efficiency. A slightly different pump wavelength can
be phase-matched by tuning the waveguide temperature as the device has a slope
of ~ 0.105 nm/°C i.e. if we want to phase-match 1550.5 nm for SHG, then we have

to keep the waveguide at ~ 45.7°C. In Fig. 3.4(a) and 3.4(b), the theoretical be-

AkL

5~ ), where Ak is the phase-mismatch for SHG, as mentioned above)

havior (sinc?(
is plotted using the n.s¢ data obtained through the waveguide simulation in COM-
SOL. The theoretical sinc? (which has a maximum value of 1) is multiplied by the
maximum experimental value to match the peak of the experimental and simulated
curves. The theoretical and experimental results are in good agreement, especially
the main central lobe; the slight asymmetry and larger sidelobes in our experimental
results could be due to inhomogeneous Zn doping along the waveguide length and/or

the non-uniformity of the width and/or poling period of the waveguide [119], and

fabrication limits of the waveguides [120].

For the theoretical results, we use a poling period of ~ 18.33 pm with a small

tolerance of 0.006 pm to get the best fit with the experimental result. Since, in
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the experiment, a small change in the parameters, namely pump wavelength or
temperature of the waveguide, can lead to a slight deviation of the experimental
result from theory. We have compensated for this with the help of tolerance in the
poling period. We find that our poling period of 18.328 4 0.006 pm is less than the
nominal value of 18.5 pm given by the manufacturer. This difference might be due to
the indirect temperature dependence of the poling period and/or the non-uniformity
of the poling period along the waveguide length. A similar discrepancy in the poling

period has also been reported by Ref. [77].

The above results outline that the maximum efficiency of this device can be har-
nessed by operating it at a phase-matching temperature (41°C) and using an ex-
act phase-matched wavelength. There is a large scope for further improvement in
the SHG efficiency in our system; for example, by carefully controlling the input
pump polarization, the efficiency can be enhanced (here, due to the unavailability
of a polarization controller at 1550 nm, we could not optimize the input polariza-
tion perfectly). In the next section, we have characterized another Zn-indiffused
MgO:PPLN waveguide where the input polarization is also optimized for maximum

SHG conversion.

Note: We use this waveguide with Covesion’s OC2 temperature controller mod-
ule. If we use this waveguide with another temperature module, say OC3, the
phase-matching temperature might vary slightly, depending on the cable and the
temperature controller module used (According to the manufacturer). We note that
even with Covesion’s OC2 temperature controller, our waveguide’s phase-matching
temperature varied slightly with different ambient temperatures, indicating that the
whole assembly (packed waveguide, see Fig. 3.3(b)) was not thermally insulated.
We got better consistency in phase-matching temperature when we kept the waveg-

uide assembly in a thermally insulated box (a box made with polystyrene foam).
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Later in Chapter 4, we use this waveguide (Waveguide 1) for the SPDC process.

3.3.2 Waveguide 2

Our second waveguide (Covesion: WGP-S-1550-40-custom) is the same as the first
waveguide, but it has a high-quality thermally insulated case (see Fig. 3.5), which
gives high consistency in the phase-matching temperature even with different am-
bient conditions. We procured it much later when our Waveguide 1 was damaged,
which is why it has a different casing and different model number, and we utilize this
device (Waveguide 2) for the results of Chapter 5 and 6 of this thesis. Waveguide 2
is also phase-matched for the same SHG process, i.e., vertically polarized 1550 nm

(pump) generates the vertically polarized 775 nm (SHG signal).

3.3.2.1 Experimental setup

Figure 3.5 shows the schematic of the experimental setup for SHG in the second
Zn-indiffused MgO:PPLN waveguide (Waveguide 2). The experimental setup is the
same as described earlier, except here, we use OC3 temperature controller and a fiber
polarization controller (Thorlabs) at 1550 nm in the input side of the waveguide.
We optimize the input pump polarization for maximum SHG and study the effect

of pump wavelength, pump power, and waveguide temperature on the SHG signal.

3.3.2.2 Results

Figure 3.6(a) shows the effect of waveguide temperature on SHG signal power at
fixed pump wavelength ~ 1550-nm and pump power ~ 13.5 mW. The temperature

dependence follows the expected sinc? profile where the slight asymmetry in the
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FIGURE 3.5: Schematic for efficient second harmonic generation (SHG) in Zn-
indiffused MgO:PPLN ridge waveguide via input pump polarization optimization.
SM 775 fiber: Single-mode fiber at 775 nm, SM 1550: Single-mode fiber at 1550
nm, PM 1550: Polarization-maintaining fiber at 1550 nm, PC @ 1550 nm: Polar-
ization controller at 1550 nm.

pattern could be due to fabrication imperfections. We note that the maximum
SHG power is ~ 73.8 nW at 36.5°C, which corresponds to a normalized conversion

efficiency of ~ 40.4%/W (n = gt = 28080 ~ 40.4%/W). A slight detuning

of waveguide temperature from the phase-matching temperature (36.5°C) results in a
significant drop in SHG power. The FWHM bandwidth is ~ 2.55°C, which indicates
that to harness the maximum efficiency, we have to keep the waveguide within 36.5

+ 1.27°C.

We notice that though this waveguide is the same as the first waveguide, it has a
different phase-matching temperature. This could be due to waveguide fabrication
limitations because if there is a slight difference in the fabrication parameters or
optical dicing, it will change the n.¢; of phase-matching wavelengths slightly, which
then requires a different temperature to phase-match the process for the same poling
period of the waveguide, or if the poling period of the waveguide is slightly different
for the same structure then also it would require a slightly different temperature for
perfect phase-matching. For example, the solid blue line that fits the experimental

data is a theoretical sinc?(AkL/2), where Ak is obtained through simulation data
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FIGURE 3.6: (a) Effect of waveguide temperature on SHG power at fixed pump
wavelength (~ 1550-nm) and pump power (~ 13.5-mW). The red dots are the
experimental points, and the solid blue line is the theoretical sinc?. (b) Effect of
pump power on SHG power at fixed pump wavelength (~ 1550-nm) and waveguide
temperature (~ 36.5°C). (c) Effect of pump wavelength on SHG power at different
waveguide temperatures (31°C, 36.5°C, 40°C, 44°C) for constant pump power. (d)
The dependence of phase-matched pump wavelengths on waveguide temperature.

of the previous waveguide by considering the n.;; at 36.5°C and a poling period

of ~ 18.34 pm (which is slightly different from the poling period of the previous

waveguide). This shows that if there is a slight change in waveguide fabrication or

poling, then it would be phase-matched at a different temperature.

Figure 3.6(b) shows the effect of input pump power on the SHG signal at fixed pump
wavelength ~ 1550-nm. We operate the waveguide at the phase-matching temper-
ature (36.5°C) and gradually increase the input pump power. The SHG power in-
creases with an increase in input power, as shown by the magenta-colored stars. We

fit the experimental data and find that the SHG power has a quadratic dependence
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on input pump power. Figure 3.6(c) shows the effect of pump wavelengths on SHG
power at different waveguide temperatures. We fix the waveguide at four differ-
ent waveguide temperatures i.e. 31°C, 36.5°C, 40°C, and 44°C, and scan the pump
wavelength. It is clear that different pump wavelengths can be phase-matched at
different temperatures, and they have linear dependence (slope ~ 0.13 nm/°C), as
can be seen from Fig. 3.6(d). Thus, if the input pump wavelength is slightly offset
from the desired value, it can still be phase-matched by simply tuning the waveguide

temperature.

3.4 Conclusion

We have characterized the Zn-indiffused MgO:PPLN ridge waveguide having a cross-
section of 10 pmx 10 pm through numerical mode analysis and SHG. The waveguide
supports multi-mode at 775 nm and single mode at 1550 nm. The fundamental
modes are well confined and near-circular and have high mode overlap ~ 70.9%. The
SHG results suggest that one waveguide (Waveguide 1) that has a phase-matching
temperature of ~ 41°C has a SHG conversion efficiency of ~ 30%/W, and another
waveguide (Waveguide 2) that has a phase-matching temperature of 36.5°C has a
SHG conversion efficiency of ~ 40.4%/W. The waveguide temperature plays a crucial
role in the phase-matching process; the maximum efficiency of the waveguide can
be harnessed only at phase-matching temperature. A particular pump wavelength
is only phase-matched at a particular temperature, so if there is a slight offset in the
pump wavelength, it can still be phase-matched by tuning the temperature. The
efficient SHG generation in these waveguides from off-the-shelf optics and standard
telecom lasers suggests that these can be used in frequency doubled-lasers, tissue

imaging, ultra-short pulse characterization, and quantum light sources.






Chapter 4

Broadband generation of
spectrally correlated photon pairs
at telecom wavelength via joint
spectral intensity measurements!’

In this chapter, we experimentally demonstrate the broadband generation of spec-

trally correlated photon pairs at telecom wavelength in a fiber-integrated type-0

1
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integrated broadband source of telecom photon-pairs”, Frontiers in Optics + Laser
Science 2022 (FiO+LS), Technical Digest Series (Optica Publishing Group, 2022), paper
JTubA.38.
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phase-matched Zn-indiffused MgO:PPLN ridge waveguide (Waveguide 1, phase-
matching temperature ~ 41°C). The photon pair emission spectrum measured using
a narrow-bandpass digital tunable bandpass filter (FWHM bandwidth ~ 1.2 nm)
spans the telecom S, C, and L bands. The emission spectrum is centered around
1550 nm and has a FWHM bandwidth of ~ 46 nm. The JSI and CAR measurements
suggest that the photon pairs have very strong spectral and temporal correlations.
Such fiber-integrated sources of telecom photons can be used in WDM-based QKD,

quantum sensing and metrology, and information processing.

4.1 Introduction

Spectrally and temporally correlated telecom photon pairs are useful in various quan-
tum applications, such as fiber-based secure key distribution [121], cryptography [11],
information processing [77], and quantum metrology [37]. The chromatic dispersion,
which can degrade the performance of these quantum applications, can also be mit-
igated by using spectrally correlated photon pairs [38, 78, 122]. The telecom photon
pairs can be generated through various techniques, but SPDC is the most effective
practice in terms of experimental ease and resources. However, the experimental
complexity increases as we go from the generation to the actual application. For
example, state-of-the-art quantum communication protocols involve a very complex
experimental setup [123, 124], and this experimental complexity can be reduced with
a guided-wave approach since it seems to be promising in yielding compact, stable,

and efficient photon-pair source [77, 37].

Here, we demonstrate a fiber-integrated broadband source of spectrally /temporally
correlated photon pairs at telecom wavelengths. The source utilizes a type-0 SPDC

process in a commercially available Zn-indiffused MgO:PPLN ridge waveguide to



Chapter 4. Broadband generation of spectrally correlated photon pairs at telecom
wavelength via joint spectral intensity measurements 61

generate these telecom photons and it is aligned towards our guided-wave approach.
It offers high nonlinearity (due to the strong confinement of optical modes) and effi-
cient photon collection into single-mode fibers [125, 59]. We measure the generated
broadband through a narrow-band digital tunable filter and experimentally charac-
terize the spectral and temporal correlation of photon pairs. By demultiplexing the
output emission spectrum, the same source can be used to serve multiple users in
parallel for various applications such as quantum metrology, quantum information

processing, and quantum communication.

4.2 'Telecom photon pair generation via type-0 SPDC

SPDC is a widely used process to down-convert a pump photon into two photons,
known as signal and idler. The correlation of these generated photons is vital for
many quantum applications, as mentioned earlier. Here, for the down-conversion
process, we use a Zn-indiffused MgO:PPLN ridge waveguide (Waveguide 1, which
has a phase-matching temperature of ~ 41°C), which we have characterized via SHG

earlier in Chapter 3.

4.2.1 Experimental setup

Figure 4.1 shows the experimental setup for telecom photon pair generation and de-
tection where Zn-indiffused MgO:PPLN waveguide (Covesion: WGP-1550-40__18.5pm)
is phase-matched for type-0 SPDC process: V (775-nm, pump) — V (1550-nm, sig-

nal) + V (1550-nm, idler), V denotes vertical polarization.

We use a continuous wave (CW) tunable laser at 775 nm (Toptica Photonics AG: DL

PRO 780 FD2 S) to pump the waveguide, where the input power is controlled via a
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FiGURE 4.1: Experimental setup for telecom photon pair generation in Zn-
indiffused MgO:PPLN ridge waveguide. PC: Fiber polarization controller, WDM:
Wavelength-division-multiplexer. The waveguide has a phase-matching tempera-
ture of ~ 41°C.
manual variable optical attenuator (VOA) (OZ Optics: BB-700-11-780-5/125-S-50-
3A3A-1-1-LL), and the polarization is controlled through a manual fiber polarization
controller (PC) (Thorlabs). The output of the PPLN waveguide is passed through a
bandpass filter (Thorlabs: FB1550-40), which has a FWHM bandwidth of ~ 40 nm
at 1550 nm and insertion loss < 1 dB, to suppress the residual pump and filter the
telecom photons. Most of the pump is rejected in this process through this filter since
it offers ~ 30 dB suppression at 775 nm. But to further ensure the complete filtering,
a customized WDM for 775/1550 nm (which has a passband of 1550 + 80 nm for the
telecom port) (FONTCANADA: FWDM-7815-FA-Y) is used to separate the telecom
photons from the residual pump. The WDM has an insertion loss of ~ 17 dB for the
pump and < 1 dB for telecom photons. Finally, the signal (short-wavelength) and
idler (long-wavelength) photons are separated into two arms using a commercial C-L
band splitter (C = 1500-1565 nm, L = 1565-1610 nm) (FONTCANADA: FWDM-
5257-FA-R), and the photon count rate is measured with two single-photon avalanche
photodetectors (SPAD) (Aurea Technology: SPD__OEM _NIR, detection efficiency

10%, dead time 5 ps, and dark counts < 1000 cps).



Chapter 4. Broadband generation of spectrally correlated photon pairs at telecom
wavelength via joint spectral intensity measurements 63

4.2.2 Result

We pump the waveguide with ~ 40 ptW power at ~ 775 nm wavelength and measure
the single photon count rate through the C- and L-arm of the C-L band splitter by
varying the waveguide temperature. The dependence of the measured single photon
count rate (raw) (in the C- and L-arm of the C-L band splitter) on waveguide
temperature is shown in Fig.4.2. The dots and triangles represent the experimental
data through the C and L-arm of the C-L band splitter, respectively. We note that
the signal/idler photon generation rate is maximum at phase-matching temperature
(~ 41°C), and it nearly follows a sinc® dependence on temperature. We note that
the maximum photon count rate from C-arm and L-arm is not equal. The difference
in the count rate is due to the fact that this C-L band splitter splits at 1565 nm,
and the spectrum is degenerate and centered at 1550 nm, so maximum photons are
going into the C-arm of the C-L band splitter, and fewer photons are going into the
L-arm. Figure 4.3(a) shows the normalized count rate, where the dots and triangles
are the experimental data of Fig. 4.2, and the solid blue line is the theoretically
expected behavior. The experimental results are in agreement with the theoretical
prediction. The slight asymmetry and larger sidelobes in our experimental data are

a result of fabrication imperfections [119, 120].

Here, the theoretical curve is plotted using the photon generation rate (R) equation

[126, 127)
AkL

R~ A / s () sine (ol du, (4.1)

where A is a constant, and it depends on pump power, waveguide length, nonlinear
coefficient, the spatial overlap of pump, signal, and idler modes, etc; f(ws) is the

filter function (see Fig 4.3(b)), and Ak (Ak = i—’;(neff)p— i—:(neff)s - %\—j(neff)i —2m)
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Ficure 4.2: SPDC single-photon count rate dependence on waveguide temper-
ature. The dots and triangles show the experimental result through the C-arm

and L-arm of the C-L band splitter, respectively. The dotted lines connecting the
data points are just a guide to the eye.
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FIGURE 4.3: (a) Normalized single photon count rate with waveguide tempera-
ture. The solid line represents the theoretical result, and the dots and triangles
show the experimental result of Fig. 4.2. (b) Transmission profile of the bandpass
filter and C-L band splitter. BP-Ex: Experimentally observed bandpass filter
transmission profile, LB-Ex: Experimentally observed L-band (arm) transmission
profile, CB-Ex: Experimentally observed C-band (arm) transmission profile, BP
fit: Bandpass filter transmission fitting function, LB fit: L-band (arm) transmis-
sion fitting function, CB fit: C-band (arm) transmission fitting function.
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is the phase-mismatch in SPDC process. The n.ss at the pump, signal, and idler

wavelengths are calculated through the COMSOL simulation of this waveguide.

For the C-band or C-arm photon generation rate, Eq. 4.1 can be considered as

2me 2me . o, AkL 27c
R~ A/ DY f(As)sinc™( 5 )/\—gd)\s (4.2)
where \,; are the signal and idler wavelengths respectively such that \; = —1+.
Ap s

f(As) = B(XAs) x C(Xg), where B()y) is the bandpass filter (which is used for pump
rejection) transmission function, and C'(),) is the C-arm transmission function of

the C-L band splitter.

B(\,) = | > ae A (4.3)

where ay ¢, b1, 6, and c¢;_¢ are constants such that a; = 0.8141, ay = 0.128, a3 =
0.1269, a4 = 0.4823, a5 = 0.4088, ag = 0.03364, by = 1553, by = 1545, by = 1560,
by = 1567, by = 1539, bg = 1562, ¢c; = 13.39, co = 4.106, c3 = 3.622, ¢4 = 4.271,
c5 = 4.856, and cg = 1.514.

0.96 x (001892 —00.799) for Ay = 1500 — 1550 nm

C(\) = (4.4)
0.96 x (limi—08—o—mer) for As = 1550 — 1575 nm
l+e— t

0.0485X5—60.739)

where the first term 0.96 x W is used for the wavelength range 1500

nm - 1550 nm, and the second term 0.96 x (lz’mHo_g;W) is used for the
14+e &

+

wavelength range 1550 nm - 1575 nm. The multiplication factor of 0.96 is used to
make the maximum value of the function equal to the experimentally observed value
of the C-arm transmission. The C-arm photon generation at different waveguide

temperatures is calculated using Eq. 4.2 by integrating from 1520 nm - 1575 nm,

and then R values corresponding to different temperatures are plotted in Fig. 4.3(a).
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For the L-band or L-arm photon generation rate, Eq. 4.1 can be considered as

AkL 2me

)5z N (4.5)

2me 2me . 9
RNA/ N n f(N\i)sine(

1

where Ag; are the signal and idler wavelengths respectively such that Ay =

1 _ 1
o N

f(Ai) = B(\;) x L(\;), where B();) is the bandpass filter (which is used for pump

rejection) transmission function, and L();) is the L-arm transmission function of the

C-L band splitter.
B()\l) = ajei cj (46)

where a; g, b1 6, and c;,_¢ are constants as described above.

. 0.98
L(X;) = lim —O1560)

t—0.3 1 +e - (47)

The L-arm photon generation at different waveguide temperatures is calculated using
Eq. 4.5 by integrating from 1562 nm - 1585 nm, and then R values corresponding to
different temperatures are plotted in Fig. 4.3(a). The theoretical curve for the C-
arm and L-arm photon rate is approximately the same, so here, only one theoretical

curve is shown in Fig. 4.3(a)).
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4.3 Bandwidth measurement of the photon-pair

emission spectrum

4.3.1 Experimental setup

To measure the emission spectrum bandwidth (see Fig. 4.4), we use a CW laser
at 775 nm to pump the Zn-indiffused MgO:PPLN ridge waveguide after controlling
its input power and polarization. The PPLN waveguide is fixed at phase-matching
temperature ~ 41°C; and its output is passed through a WDM whose common
port is connected to the waveguide and 1550-nm port is connected to a digital
tunable narrow-bandpass filter (FWHM bandwidth ~ 1.2 nm)(OZ Optics: TF-100-
3A3A-1520/1570-9/125-S-60-1.2 or TF-100-3A3A-1570/1620-9/125-S-60-1.2). The
1550-nm port of WDM only allows a large telecom wavelength band (1550 + 80
nm) to pass through with very low loss (see Appendix A), and the residual pump is
transmitted to the 775-nm port. The output of the digital tunable filter is connected
to a single photon detector, SPAD, which has a detection efficiency of 10%, dead

time of 5 ps, and dark counts < 1000 cps.

S Type-0 PPLN Waeguide .S"‘g'e
Laser@775nm g gl
-@ — — R —p = port gzset(c)tnor
Attenuator Temp. controlle WOM
775/1550nm

Digital
tunable filter

= SM 775 fiber
= PM 1550 fiber
== SM 1550 fiber

FIGURE 4.4: Experimental setup for photon pair emission spectrum measurement.
PC: Polarization controller, WDM: Wavelength-division-multiplexer.
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4.3.2 Result

We first pump the waveguide at ~ 25 pW and then tune the wavelength of the
digital tunable filter from 1520 nm to 1620 nm in a 2 nm step and measure the
corresponding photon counts at each wavelength. We employ two tunable filters:
the C-band filter, which can be tuned from 1520 nm to 1570 nm, and the L-band
filter, which can be tuned from 1570 nm to 1620 nm. The detected raw single
photon (signal/idler) counts at different tunable filter wavelengths are shown in Fig.
4.5(a). The blue line is just connecting the data points and does not signify extra
information. Since the digital tunable filter has a wavelength-dependent loss (see
inset of Fig. 4.5(b)), we weight the single counts with the corresponding loss of
digital tunable filter and WDM (the details of insertion loss of digital tunable filter
and WDM can be found in the Appendix A section) at each wavelength through the
insertion loss (I.L.) formula I.L. = 10log10(Pin/P,.:) dB. The single photon counts
at each wavelength before the digital tunable filter (DTF) are computed using the

formula
Photon counts before DTF = (Detected photon counts) x 1050 (4.8)

where the absolute value of insertion loss (I.L. of DTF) is considered for each wave-
length. Then, the photon counts before WDM (i.e. waveguide-generated photon

counts) are computed as
Generated photon counts = (Photon counts before DTF) x 100 (4.9)

where now I.L. of WDM is taken into account.

These generated or weighted photon counts at different tunable filter wavelengths
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are shown in Fig. 4.5(b). Figure 4.5(c) shows the normalized experimental and theo-
retical single photon count rate at different wavelengths. The red stars correspond to
the experimental values, and the solid blue line is the theoretically expected result.

The experimental values are normalized using the formula

Generated photon counts - Min. of generated photon counts
Max. of generated photon counts - Min. of generated photon counts

AkL

5~ ), where Ak is calculated from the

The theoretical curve is plotted using sinc?(
numerical simulation of the waveguide in COMSOL. The experimental results are
in good agreement with the theory, and the emission spectrum bandwidth is ~ 46
nm (centered at 1550 nm). The source generates the photon pairs in telecom S-,
C-, and L-bands. Figure 4.5(d) shows the simulated signal /idler emission spectrum
at different waveguide temperatures and indicates that the generated photon pairs
have degenerate emission spectra below the phase-matching temperature and non-
degenerate spectra (non-overlapping discrete bands) above phase-matching temper-
ature. The shape and central wavelength of the signal/idler spectrum can be tuned

over an extensive range by precisely controlling the waveguide temperature while

keeping the pump wavelength constant.

4.4 Photon pair correlation characterization

4.4.1 Experimental setup

The experimental setup to measure the spectral and temporal correlation of pho-
ton pairs is shown in Fig. 4.6. The waveguide is pumped at 775 nm (using CW
tunable laser) by setting it at phase-matching temperature for telecom photon pair
generation, similar to what we did earlier in Fig. 4.4. The residual pump is re-

jected via a long pass filter (which transmits wavelengths > 1518-nm)(OZ Optics:
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FIGURE 4.5: (a) Experimental raw (detected) single photon (signal/idler) counts
versus tunable filter wavelength at phase-matching temperature (41°C). (b) Ex-
perimental weighted (generated) single photon counts considering the loss of dig-
ital tunable filter and WDM. The inset shows the insertion of the digital tunable
filters (C-band = 1520 nm - 1570 nm, L-band = 1570 nm - 1620 nm; for details, see
Appendix A). (c) Normalized single photon counts (experimental and theoretical)
versus tunable filter wavelength. The red stars represent the experimental value,
and the solid blue line is the theoretical sinc?(AkL/2). (d) Numerically simulated
telecom photon pair emission spectrum at different waveguide temperatures for a
constant pump wavelength of 775 nm.
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FF-21-1518:1650-9/125-S-50-3A3A-1-1-LP/REJ775) and WDM. The whole broad-

band of telecom photons is first splitted into two halves (C-arm and L-arm) at 1550

nm using a commercially available C-L band splitter (C-band/arm: 1500 nm - 1550

nm, L-band/arm: 1550 nm - 1620 nm) (Lightel Technologies USA: Model number

500-48947-02-1), and then a pair of digital tunable filter (DTF) is used in the C- and

L-arm to select the desired signal and idler photon. Finally, these selected signal

and idler photons are detected using a pair of single-photon detectors (detection

efficiency 10%, dead time 5 ps, and dark counts < 1000 cps), and a coincidence
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between the two photons is checked in a coincidence counter (PicoQuant: PicoHarp

300).
Pump
Type-0  rejecting TE SPD -
/ Tunable PC PPLN Waveguide section c —
[Laser@775n At " P
enuator
(VOA) Temperature WDM cL L 5 Coincidence
— SM 775 fiber controller 775/1550nm b?-?td SPD counter
— PM 1550 fiber spitter

— SM 1550 fiber

FIGURE 4.6: Experimental setup for photon pair spectral and temporal corre-
lation measurement. PC: Polarization controller, SM: Single-mode, PM: Polar-
ization maintaining, WDM: Wavelength-division multiplexer, TF: Digital tunable
filter, SPD: Single-photon detector. The pump rejecting section is implemented
using an in-line fiber-based long-pass filter (transmission wavelengths > 1518 nm).

4.4.2 Spectral correlation measurement

As discussed earlier in Chapter 2, JSI measurement unveils the spectral correlations
between the photon pairs. To experimentally measure the JSI (see Fig. 4.7), we
pump the waveguide with ~ 24.5 ptW power at 775 nm and record the coincidence
counts between the generated signal and idler wavelength pair (Ag, ;) by stepping
through the entire signal and idler wavelength range (1520 nm - 1580 nm), in discrete
steps of 1 nm. First, for the signal wavelength 1520 nm, we fix the C-arm filter at
1520 nm and scan the whole idler wavelength from 1520 nm to 1580 nm by scanning
the L-arm filter. Then, we increase the signal wavelength to 1521 nm by tuning the
C-arm filter to 1521 nm and again scan the L-arm filter for idler wavelengths from
1520 nm to 1580 nm. We repeat this process till the signal wavelength 1550 nm.
Since the C-arm has ~ 0% transmission for wavelength > 1550 nm and similarly L-
arm has ~ 0% transmission for wavelength < 1550 nm (see Appendix A), we now fix
the L-arm filter at 1551 nm for signal wavelength 1551 nm and scan the C-arm filter

from 1520 nm - 1580 nm for idler wavelengths. We then increase the L-arm filter
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wavelength by 1 nm and again scan the C-arm filter. We repeat this measurement
till we reach the signal wavelength of 1580 nm. Here, the reported coincidence
counts are measured only once and are not the average value. The measurement is

performed only once due to the challenges associated with a lengthy measurement.

Coincidence/40s

1580 T
—_— 12000
g 1570
< 1560 11500
e
(]

— 1550

g E1580 1000
© £

2 1540 M5

o E

— S 1540 500
S 1530 [ :

1520
1520 1540 1560

Signal wavelength (nm)

1520
1520 1530 1540 1550 1560 1570 1580

Signal wavelength (nm)

FIGURE 4.7: The joint spectral intensity (JSI) in a type-0 phase-matched Zn-
indiffused MgO:PPLN ridge waveguide at phase-matching temperature. The co-
incidence counts are the raw measured counts without any background subtraction
or weight. Inset shows the weighted coincidence counts, which include the losses
of the digital tunable filter and C-L band splitter.

Alternatively, this can also be done with a 50:50 beam splitter instead of a C-L band
splitter. In that case, we have to consider one port of the beam splitter as the signal
arm and the other port as the idler arm, and we just have to fix the signal arm filter
at one particular signal wavelength and scan the whole idler arm, by repeating this
measurement for the whole signal wavelengths we can get the JSI spectrum. The
only disadvantage is that the coincidence rate will be lower in this case because when
both signal and idler pass through the same port of the beam splitter, they result in

no coincidence. As it is clear from Fig. 4.7, the JSI spectrum is negatively inclined
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(—45°), which indicates a strong spectral correlation between the signal and idler
photons. A signal photon at a particular wavelength is only correlated with one idler
photon (a pair that satisfies the energy conservation condition). These correlated
photons are essential for multi-user QKD and metrology to eliminate cross-talk and
measurement errors [38, 46, 37]. The coincidence rate shown in Fig. 4.7 is the
raw coincidence rate in 40-s of measurement time, and every point in the graph is
obtained through the coincidence counter. The weighted coincidence rate is shown
in the inset of Fig. 4.7, which includes the effect of digital tunable filter loss and
C-L band splitter loss in both arms. Here, we have shown the formula/method used

to find the weighted coincidence counts by considering three cases.

Case-1: For example, the raw coincidence count for the case when the signal wave-
length is 1520 nm, and the idler is 1525 nm is 5 per 40-s. So, in this case, both
photons are going through the C-arm of the C-L band splitter. But we assume that
some photons of 1525 nm are also passing through the L-arm (that is why we are
getting 5 coincidences by neglecting the accidental coincidence scenario), and they
experience no loss by the L-arm of C-L band splitter (i.e. n;, = 1) except the loss
of DTF (i.e. npr = 0.55). Photons of wavelength 1520 nm face loss due to C-arm
transmission (nc = 0.94) of C-L band splitter and DTF (i.e. npc = 0.53). Thus the

expected or weighted coincidence counts will be m ~ 18 per 40-s.

Case-2: For example, the raw coincidence count for the case when the signal wave-
length is 1520 nm, and the idler is 1565 nm is 36 per 40-s. So, in this case, both
photons are going through the different arms of the C-L band splitter. Photons of
1565 nm are passing through the L-arm, and they experience some loss by the L-arm
of the C-L band splitter (i.e. 7, = 0.98) and DTF (i.e. npy, = 0.67). Photons of

wavelength 1520 nm face loss due to C-arm transmission (n¢ = 0.94) of C-L band
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splitter and DTF (i.e. npc = 0.53). Thus the expected or weighted coincidence

counts will be ——30—— ~ 110 per 40-s or ~ 3/s.

NCXNECXNLXNFL

Case-3: For example, the raw coincidence count for the case when the signal wave-
length is 1550 nm, and the idler is 1550 nm is 533 per 40-s. So, in this case, we
assume both photons are going through different arms of the C-L band splitter
(that is why we are getting 533 coincidences), and the 1550 nm photon of the L-arm
will experience high loss by the L-arm of C-L band splitter (i.e. 1, = 0.47, this is
the average value in wavelength range 1550+0.6 nm because the efficiency rapidly
changes around 1550 nm, see the loss profile of C-L band splitter in Appendix A)
and due to DTF (i.e. npy = 0.63). Photons of wavelength 1550 nm in the C-arm
will face loss due to C-arm transmission (nc = 0.48, this is the average value in
wavelength range 1550+0.6 nm because the efficiency rapidly changes around 1550
nm, see the loss profile of C-L band splitter in Appendix A) of C-L band splitter
and DTF (i.e. npc = 0.63). Thus the expected or weighted coincidence counts will
be ——3____ ~ 5953 per 40-s or ~ 149/s.

NCXNFC XNLXNFL

4.4.3 Temporal correlation measurement

As described earlier in Chapter 1, the temporal correlation of photon pairs can be
measured by CAR. The CAR has to be high for a high-quality photon pair source
because this ensures that the source mainly generates highly temporally correlated
photon pairs with very few accidental counts. For this measurement, we fix the
tunable filter of the C- and L-arm at three different wavelength pairs in Fig. 4.6 and
check the effect of pump power on coincidence count rate and CAR. Figure 4.8(a)
and (b) show detected or raw coincidence counts as a function of pump power and

the weighted coincidence counts, respectively. The coincidence counts are weighted
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by considering the losses of the C-L band splitter and digital tunable filter using the
same method as described earlier in the “Spectral correlation measurement” section.
For the wavelength combination 1546 nm - 1554 nm, the efficiencies of the C-arm
and L-arm of the C-L band splitter are no = 0.93 and n;, = 0.975, respectively,
whereas for the digital tunable filter (DTF) of C- and L-arm are ngpc = 0.62 and
nrr = 0.64, respectively. The weighted coincidence counts are calculated by the

detected coincidence counts ; ., detected coincidence counts

formula noxnroxXnLxnrn T T 0.93x0.62x0.975x0.64

. Similarly, for the wavelength
combination 1543 nm - 1557 nm, the coincidences are estimated by considering n¢
= 0.932, npc = 0.6, nr, = 0.975, and npr = 0.65; for the wavelength combination
1540 nm - 1560 nm, the coincidences are estimated by considering no = 0.935,
nre = 0.59, n, = 0.975, and ngpy, = 0.65. The saturation in coincidence counts at
high pump power in Fig. 4.8(a) is due to the detector’s finite dead time. Figure
4.8(c) shows the variation of CAR with pump power. Here, the coincidence due
to dark counts (approximately 1) is first subtracted from the true coincidences and

accidental counts before calculating the CAR.

(a) (b) (c)
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FIGURE 4.8: (a) Raw/detected coincidence count versus pump power for three
different signal/idler channels. (b) Weighted coincidence counts/s (by considering
the losses of C-L band splitter and digital tunable filer) versus pump power (c)
Coincidence-to-accidental ratio (CAR) as a function of pump power for three
different signal/idler channels.

We observe that the coincidence rate increases with an increase in pump power,
but the CAR value reduces drastically, indicating a trade-off between the two pa-

rameters. This trade-off can be understood by the fact that an increase in pump
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power increases the accidental counts along with the true coincidences since at high
pump power, more pump photons can leak through the optical components, and
the probability of multi-photon generation is also high, which results in false coinci-
dences. Here, we measure a CAR value as high as ~ 668, indicating the high purity
of our source. We also observed a CAR > 1300 when complete C- and L-bands were
passed into the detectors, i.e., without tunable filters. This outlines that the fiber-
integrated source has high temporal correlations between generated photon pairs,
and the source has an internal spectral brightness of ~ 2.5x107 pairs/s/mW /nm
(estimated after factoring out all external losses and detector efficiencies as shown

below, see Chapter 1 for more details).

Spectral brightness:
When we pump the waveguide at 25.5 pW and filter the generated telecom photons
at 1550 nm via a digital tunable filter in both C- and L-arm:

Detected signal counts () at 1550 nm (from C-arm) = 13523 counts/s (cps).

N — 13523
Parr Ty X3 Xz X1 X105 X1

where 1 = 0.73, 7o = 0.93, n3 = 0.48, ny = 0.63, n; = 0.1, and ng = 0.97 are the
efficiencies of WDM, long-pass filter, C-arm /band of C-L band splitter, digital tun-
able filter, single-photon detector, and fiber-mating sleeves/connector, respectively.
We have used 2 long-pass filters and 3 fiber mating sleeves in the experiment, which

is why we have 77 and 73 terms in the above expression.

_ 13523
Npair = G73x095x0.48x0.63x01x007 ~ 10068 cps

Npair 776068

Spectral brlghtness - pump power xspectral bandwidth ~—  25.5pWx1.2nm

Spectral brightness ~ 2.5x107 pairs/s/mW /nm
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4.5 Conclusion

In summary, we demonstrated a fiber-integrated broadband source of spectrally and
temporally correlated photon pairs at telecom wavelengths based on Zn-indiffused
MgO:PPLN ridge waveguide. The photon pair emission spectrum spans the tele-
com S-; C-; and L-bands, and it is centered around 1550 nm, having an FWHM
bandwidth of ~ 46 nm. The shape of the photon pair emission spectrum can be
controlled by varying the temperature of the waveguide. Our proposed source has
an estimated spectral brightness of 2.5x107 pairs/s/mW /nm, a negatively inclined
JSI profile, and a high CAR value (> 650)(the large spectral and temporal corre-
lations indicate its high quality). This source can be used in quantum metrology,
WDM-based multi-user QKD, and information processing applications over existing

fiber-optic networks.






Chapter 5

Fully fiber-integrated high
brightness source of broadband
polarization-entanglement at

telecom wavelength!

In this chapter, we demonstrate an efficient all-fiber-coupled source of broadband po-
larization entanglement. We use a type-0 phase-matched Zn-indiffused MgO:PPLN

ridge waveguide (Waveguide 2, which has a phase-matching temperature of 36.5°C)

1
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fiber-coupled source of polarization-entangled photon-pairs spanning the telecom C- and
L-bands”, Optics & Laser Technology, 175, 110774 (2024).
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+ Laser Science 2023 (FiO+LS), Technical Digest Series (Optica Publishing Group,
2023), paper JTu5A.19.
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79



Chapter 5. Fully fiber-integrated high brightness source of broadband
polarization-entanglement at telecom wavelength 80

in a fiber-based Sagnac loop to generate polarization-entangled photon pairs at tele-
com wavelength (spanning the C- and L-bands). We first measure the spectral
width and temporal correlation of photon pairs generated in the Sagnac loop and
then characterize the broadband entanglement by measuring the entanglement wit-
ness parameters such as interference visibility, CHSH inequality, fidelity, etc. Our
source generates broadband (FWHM ~ 52 nm) polarization entanglement with >
89% fidelity and violates the CHSH inequality by ~ 29 standard deviations (S =
2.49 4+ 0.017). The proposed source can be directly used in a WDM-based QKD net-
work by demultiplexing the spectral width and in long-distance optical-fiber-based

quantum communication.

5.1 Introduction

The quantum entanglement prepared using polarization degree of freedom of photon
at telecom wavelength is favorable for ground-to-ground quantum communication,
QKD [3, 128], quantum computing [11, 40, 129], quantum teleportation [21], etc.
The existing optical fiber network has been used to send the polarization-entangled
photons to vast distances (> 190 km) [4] and in wavelength-multiplexed quantum
key distribution (QKD) [46, 130] which demonstrates the feasibility of fiber-based
quantum communication. Several methods based on SPDC and/or SFWM in the
Sagnac loop configuration are reported in the literature for polarization-entangled
photon pair generation at telecom wavelength. These methods include a silicon chip
[23], polarization-maintaining dispersion-shifted fiber (PM-DSF) [131], and DSF at
room temperature [132] in the Sagnac loop; a single fiber-pigtailed PPLN based on
the cascaded process (SHG+SPDC) [133], and two fiber-pigtailed PPLN (each with

dual poling periods) based on the cascaded process [134] in a Sagnac loop; a BBO
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[135], PPKTP [136, 137], PPLN (fiber-pigtailed [37], free-space [138]), and two fiber-
pigtailed PPLN (where SHG of one acts as the pump for SPDC in the other [139]) in
the Sagnac loop. However, most of these methods are not very efficient and have ex-
perimental complexity. For example, the PM-DSF scheme requires cooling the fiber
with liquid nitrogen in order to reduce Raman noise and eliminate polarization mode
dispersion. In the cascaded process, the pump wavelength /frequency used is close to
the generated signal/idler photon wavelength /frequency and thus makes its rejection
difficult, and it also limits the practically achievable spectral brightness. The two
nonlinear waveguides in one Sagnac loop scheme are more complicated and often
require the same properties of both waveguides e.g. poling period, spectral band-
width, brightness, etc, which is difficult to achieve in practice. Thus, most of these
methods require many intensive technological resources and/or active stabilization
for high-brightness generation, but a large-scale WDM-based QKD fiber network
requires a simple fiber-integrated source that provides flexibility, compactness, and

ease of deployment over the existing optical telecommunication infrastructure.

Here, we demonstrate a high-brightness fiber-integrated broadband source of polarization-
entangled photons utilizing off-the-shelf telecom components and a type-0 phase-
matched Zn-indiffused MgO-doped PPLN ridge waveguide in Sagnac loop con-
figuration. We demonstrate the generation of broadband polarization-entangled
photon pairs around the telecommunication wavelength of 1550 nm (spanning the
C- and L-bands) and characterize the entanglement through various parameters
such as two-photon interference/entanglement invariance, CHSH-Bell’s inequality
(S-parameter), and quantum state fidelity. The proposed source does not require
any active stabilization system or compensation to operate, and it can be used in
quantum cryptography [129], WDM-based quantum networks for secret key distri-

bution [46, 130, 140], and quantum communication [3, 4].
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5.2 Characterization of the broadband source in

Sagnac loop

Here, we first characterize and measure the spectral bandwidth and photon pairs’
temporal correlations, which are generated from a Zn-indiffused MgO:PPLN ridge
waveguide (Waveguide 2, phase-matching temperature 36.5°C) in the Sagnac loop.
Figure 5.1 shows the experimental setup for photon pair emission spectrum mea-
surement and temporal correlation characterization where the PPLN waveguide
(Waveguide 2) is type-0 phase-matched for degenerate down-conversion i.e. 775
nm (pump, V-pol) — 1550 nm (signal, V-pol) + 1550 nm (idler, V-pol), and
has a phase-matching temperature of 36.5°C (discussed earlier in Chapter 3). We
pump the waveguide in the Sagnac loop configuration via a fiber polarization beam
splitter (FPBS)(Thorlabs: PBC1550SM-APC) and CW tunable laser at 775 nm
(Toptica Photonics AG: DL PRO 780 FD2 S), and the generated telecom pho-
tons are separated from the pump via WDM (FONTCANADA: FWDM-7815-FA-Y)
and an in-line long pass filter (OZ Optics: FF-21-1518:1650-9/125-S-50-3A3A-1-1-
LP/REJ775). The telecom photons are detected in two different scenarios to find

the temporal correlation and to measure the emission spectrum.

5.2.1 Photon pair emission spectrum measurement

To measure the bandwidth of the photon pair emission spectrum, we connect a digi-
tal tunable filter (FWHM ~ 1.2 nm)(OZ Optics: TF-100-3A3A-1520/1570(1570/1620)-
9/125-S-60-1.2) and a single photon detector at the end of the long pass filter, as
shown in Fig. 5.1. We operate the waveguide at a phase-matching temperature of

36.5°C and pump with ~ 4.5 pW power, and then tune the wavelength of the digital
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FIGURE 5.1: Experimental setup for photon pair emission spectrum measurement
and temporal correlation characterization in Sagnac loop. PC: Polarization con-
troller, WDM: Wavelength-division-multiplexer, FPBS: Fiber-polarization beam
splitter.

tunable filter and measure the single photon rate through the APD detector (Aurea
Technology SPD OEM _NIR, detection efficiency 10%, dead time 5 ps, and dark
counts < 1000 cps). The detected raw single photon (signal/idler) count rate with
tunable filter wavelength is shown in Fig. 5.2(a). The line is just connecting the
data points and does not signify extra information. As we mentioned in the last
chapter (Chapter 4), the digital tunable filter has a wavelength-dependent loss, so
to find the generated photon count rate, we weigh the detected single counts with
the corresponding loss of digital tunable filter (DTF) and WDM (see Appendix A for
insertion loss details) at each wavelength through the insertion loss (/.L.) formula
I.L. = 10log10(Pin/ Pout) dB. The single photon counts at each wavelength before

the digital tunable filter (DTF) are estimated using the formula

Photon counts before DTF = (Detected photon counts) x 10" (5.1)
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where the absolute value of insertion loss (I.L. of DTF) is considered for each wave-
length. Then, the photon counts before WDM (i.e. waveguide-generated photon

counts) are computed as
Generated photon counts = (Photon counts before DTF) x 100 (5.2)

where now I.L. of WDM is taken into account.
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FIGURE 5.2: (a) Experimentally detected telecom single photon (signal/idler)
counts at phase-matching temperature (36.5°C). (b) Experimental weighted (gen-
erated) single photon counts (obtained by considering the loss of digital tunable
filter and WDM at different wavelengths). (c) Normalized single photon counts
versus tunable filter wavelength. The red dots represent the experimental value,
and the solid blue line is the theoretical sinc?(AkL/2). (d) Effect of pump power
on the coincidence-to-accidental ratio (CAR) (green), coincidence counts (red),
and accidental counts (blue) when the waveguide is operated at phase-matching
temperature in the Sagnac loop configuration.

The generated or weighted photon counts at different tunable filter wavelengths
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are shown in Fig. 5.2(b). Figure 5.2(c) shows the normalized experimental and

theoretical single photon counts at different wavelengths. The red dots correspond

to the experimental values, and the solid blue line is the theoretically sch(%)

result where Ak is calculated from the numerical simulation of the waveguide in

COMSOL Multiphysics. The experimental values are normalized by the formula

Generated single photon counts - Min. of generated single photon counts
Max. of generated single photon counts - Min. of generated single photon counts

The experimentally measured counts fit well to the theoretical sinc? curve, and the

spectrum has a FWHM bandwidth of ~ 52 nm.

5.2.2 Photon pair temporal correlation characterization

The experimental setup to measure the temporal correlation between the generated
photon pairs is shown in Fig. 5.1 where we connect a C-L band splitter (C ~ 1520-
1550 nm, L ~ 1550-1580 nm) (Lightel Technologies USA: Model number 500-48947-
02-1) and a pair of single photon detectors (Aurea Technology SPD__OEM_ NIR),
each with a detection efficiency of 10%, dead time of 5 ps, and dark counts < 1000
cps, and a coincidence counter (PicoQuant: PicoHarp 300) (time-bin-width = 512
ps) just after the in-line long pass filter. We increase the pump power and measure
the coincidence and accidental count rate between the C- and L-arm of the C-L band
splitter. We find a maximum CAR of ~ 1065 (see Fig. 5.2(d)), which indicates a
high temporal correlation between photon pairs. It is estimated using the formula
described in Chapter 1. Tt is evident from Fig. 5.2(d) that an increase in pump
power leads to a high coincidence count rate and an accompanying rise in accidental
counts as well due to multi-photon generation (which also affects the entanglement

[141, 142]). For a waveguide input power of ~ 3.6 pnW, the coincidence and accidental
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count rates are ~ 2.7x10* counts/60s and 432 counts/60s, respectively, which results

in a CAR value of 64.

The internal /generated spectral brightness of our source is ~ 2x 108 pairs/s/mW /nm
(in Sagnac configuration), which is measured by employing a filter of ~ 1.2 nm band-
width in both C- and L-arm (see Fig. 5.1) at 1547 nm and 1553 nm, respectively, and
pumping the waveguide at ~ 3.98 pW power. To calculate the spectral brightness,
we consider all the losses in the system from the point of generation of the photon
pair to the detection and use similar methods as described earlier in Chapter 4. The
total loss in our experimental setup breaks down as ~ 1.55 dB from waveguide to
fiber coupling on each side, ~ 1.2 dB from Sagnac loop FPBS, ~ 1.4 dB from WDM,
~ 0.4 dB from long pass filter, ~ 0.5 dB from C-L band splitter (except at 1550
nm), ~ 2 dB from the filter, ~ 10 dB from the detector, and ~ 0.5 dB from the

fiber-mating sleeves.

Spectral brightness:

Detected signal counts (N;) at 1547 nm (from C-arm) = 12393 counts/s (cps).

N — 12393
paar 03 Xn2 XM3 X 14 X N5 X7)6 X7 XN3

where 17, = 0.7, no = 0.78, n3 = 0.73, ny = 0.93, 15 = 0.922, ng = 0.62, n; = 0.1, and
ng = 0.97 are the efficiencies of waveguide to fiber coupling on each side, Sagnac loop
FPBS, WDM, long-pass filter, C-arm/band of C-L band splitter, digital tunable filter
at 1547 nm, single-photon detector, and fiber-mating sleeve/connector, respectively.
We have used 5 fiber mating sleeves in the experiment, and photons are generated
from both sides of PPLN, which is why we have n} and 13 terms in the above

expression.

o 12393
Npair = 5775078x073x0.93 0032063501097 ~ 972968 cps



Chapter 5. Fully fiber-integrated high brightness source of broadband
polarization-entanglement at telecom wavelength 87

Npair 972968

pump power xspectral bandwidth ~—  3.98pWx1.2nm

Spectral brightness =

Spectral brightness ~ 2x10® pairs/s/mW /nm

5.3 Generation and characterization of broadband

polarization entanglement

The experimental setup for broadband polarization-entangled photon-pair genera-
tion and detection is shown in Fig. 5.3. A CW tunable laser at 775 nm is used
to bi-directionally pump a 4-cm long Zn-indiffused MgO:PPLN ridge waveguide
(Waveguide 2, phase-matching temperature 36.5°C) placed in the Sagnac configu-
ration (similar to what is shown in Fig. 5.1). The waveguide input pump power
is controlled via an inline VOA (Thorlabs: VOA780-APC), and the polarization
is through a fiber PC. The horizontal polarization (H-pol) arm of the input fiber-
polarization beam splitter (FPBS, Thorlabs) is automatically rotated to vertical
polarization (V-pol) via a 90° fiber twist before the waveguide facet. The 90° twist
to change the polarization state of the light propagating through the fiber is given
by the FPBS itself (no additional component is used) because when the two orthog-
onal polarization exits the PBS, both are coupled into two PM fibers along the slow
axis and the fibers are terminated such that their key slot is along the slow axis.
The two connectors are then connected to the waveguide in the same plane. This
results as if a 90° twist is given in the H polarization arm of the FPBS. The input
FPBS primarily works at the telecom wavelength but also has an acceptable per-
formance at the pump wavelength except a very high insertion loss at pump. The
two counter-propagating input pump waves are always V-pol within the waveguide
and thus generate V-pol signal and idler photons. The signal and idler generated in

the anti-clockwise direction remain V-pol, whereas those generated in the clockwise
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direction are rotated to H-pol due to the same 90° fiber twist before recombining
at the FPBS, resulting in a symmetric polarization-entangled state due to loss of
“which-path” information. The input pump power is kept low enough so that the
probability of signal/idler photons being simultaneously generated in both clock-
wise and anti-clockwise directions is negligible. The probability amplitude of the
|Hs) |H;) and |Vs) |V;) contribution is equalized by precisely controlling the input
pump polarization which results in the maximum entangled Bell-state generation

[©7) = J5(1H) [Ha) + Vi) Vi)

The residual pump in the output 1550-nm port of the WDM is rejected using an
inline long-pass filter (LPF) with a cut-off wavelength of 1518 nm and insertion loss
of < 1 dB. The signal (shorter-wavelength) and idler (longer-wavelength) photons of
the generated broadband spectrum are separated into the C- (~ 1520-1550 nm) and
L- (~ 1550-1580 nm) arms, respectively, of a telecom C-L band splitter. Finally,
we characterize the quantum entanglement between signal and idler photons by
projecting them into different polarization bases with the help of a fiber-coupled po-
larization analyzer unit in each arm (a combination of a quarter-wave plate (QWP),
a half-wave plate (HWP), and an FPBS (OZ Optics: FOBS-12N-111-9/125-SPP-
1550-PBS-60-3A3A3A-1-1)). Signal and idler photons are detected through two
single-photon avalanche photodetectors (SPAD) (Aurea Technology, detection effi-
ciency 10%, dead time 5 ps, and dark counts < 1000 cps) and the coincidence events
between the two detectors are recorded in a time-tagger unit (PicoQuant: PicoHarp

300) with a time-bin-width of 512 ps.

Zero degree angle calibration of waveplates:
The single-mode fibers do not preserve the polarization of the signal and idler pho-
tons when they propagate from the source to the detector, so it is necessary to first

calibrate the 0° angle of all the waveplates before proceeding to the entanglement
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FIGURE 5.3: Experimental setup for broadband polarization-entangled photon
pair generation and detection at telecom wavelength. VOA: Variable optical at-
tenuator, PC: Polarization controller, WDM: Wavelength division multiplexer,
FPBS: Fiber polarization beam splitter, TC: Temperature controller, LPF: Long-
pass filter, Pol. Analyzer: Polarization analyzer, SPD: Single photon detector,
Su/|Hs): Signal with horizontal polarization, Sy /|Vs): Signal with vertical po-
larization, Iy /|H;): Idler with horizontal polarization, Iy /|V;): Idler with vertical
polarization. The blue and green lines show the polarization maintaining and
single mode fiber, respectively.

generation and measurement. Two methods can be used for the angle calibration,
which are discussed below.

Method 1: We disconnect the pump laser (775 nm), FPBS from PPLN waveg-
uide, single photon detector, and coincidence counter from the experimental setup
and connect a telecom laser (EXFO: T100S-HP-CL) and power meter (Thorlabs)
as shown in Fig. 5.4. We first use a polarimeter (Thorlabs: PAX1000IR2/M,
F240APC-C) at point ‘A’ and optimize the polarization of the telecom laser through
a polarization controller to make it vertically polarized (V-pol), then we disconnect
the polarimeter by taking care that we do not disturb the single mode fiber much.
We then connect this V-pol classical light to the FPBS port as shown in Fig. 5.4
and observe the power via a power meter through the output FPBS ports by varying

the waveplate angles.
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To find the 0° angle of HWPs, we put a HWP in both C- and L-arm and try to
find the sinusoidal pattern in power through the FPBS port 1 and port 2 by varying
the HWP angles. To maximize the visibility of this classical fringe pattern, we can
control the polarization of the C- and L-arms before the ‘Pol. Analyzer’ unit by
employing a set of polarization controllers (PC). With this process and optimization
of PC, we find the best possible fringes as shown in Fig. 5.4 (top two images), and
from that, we can find the 0° angle of HWP. For example, here in C-arm HWP, 65°

acts as 0°, and in L-arm HWP, 30° acts as 0°.

Then, to find the 0° angle of QWPs, we first put the HWPs at 0° (i.e. 65° and 30°)
in both C- and L-arm and then put the QWP such that QWPs precede HWPs. We
vary the QWP angle and find the sinusoidal pattern in power through the FPBS
port 1 and port 2 as shown in Fig. 5.4 (bottom two images). From this fringe
pattern, we can find the 0° angle of QWPs; for example, here in C-arm QWP 43°

acts as 0°, and in L-arm QWP 21° acts as 0°.

Thus, through this method, we can optimize the detection side of the experimental
setup and can also find the 0° of the waveplates. If our SM fiber of the classical
telecom source got disturbed while connecting to the PM fiber of the FPBS at point
‘A’ (i.e. the input to FPBS is not V-pol), then we might notice some offset in the
0° angles during the entanglement measurement even after calibrating through the
telecom laser source. This offset can be accounted for during the quantum two-

photon interference measurement.

Method 2: We use the experimental setup of Fig. 5.3 with only HWP in the
‘Pol. Analyzer’ unit and optimize the input pump polarization for entanglement
generation such that we do not see much variation in the single counts with the
rotation of HWP angles. We then observe the two-photon interference pattern (see

next section for details) between the C- and L-arm FPBS port 2. The fringe visibility
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FIGURE 5.4: Experimental setup for the 0° angle calibration of HWPs and QWPs
before entanglement generation characterization.
can be enhanced by controlling the polarization of the C- and L-arm before the ‘Pol.
Analyzer’ unit (by employing a set of PC in the C- and L-arm). By observing the
two-photon interference fringes, we can find the 0° degree of HWP. For example, we

measure the two-photon interference spectra shown in Fig. 5.5, which indicates that

in C-arm HWP 65° acts as 0°, and in L-arm HWP 30° acts as 0°.

Then, to calibrate the 0° angle of QWP, we use a combination of waveplates such that

QWPs precede HWPs (which are now positioned at 0° i.e. at 65° and 30°) in both



Chapter 5. Fully fiber-integrated high brightness source of broadband
polarization-entanglement at telecom wavelength 92

5000
4500 |
4000 |

3

& 3500 |

$ 3000 |

(3]

§2500 :

S 2000 |}

c

‘s 1500 |

(&)

1000 }
500 |
0 2 ' 2 2 2 1 2 '

0 30 60 90 120 150 180 210 240
L- arm HWP angle (°)

~e-C-arm HWP = 65° ~o-C-arm HWP = 88°

=e-C-arm HWP = 110° =o-C-arm HWP = 133°

FI1GURE 5.5: Two-photon interference fringes with C-arm FPBS port 2 and L-arm
FPBS port 2.
C- and L-arms and vary the QWP angles to achieve the same maximum coincidence
rate of two-photon interference and similar sinusoidal behavior except that now the
minimum coincidences are only approximately the half of the maximum coincidence
value. It is noticed that if we can first get the two-photon interference with good
visibility, then we can easily calibrate the 0° of the QWP without adjusting the

polarization of the C- and L-arms before the ‘Pol. Analyzer’ unit.

5.3.1 Two-photon interference and polarization correlations

For this measurement, we only use a HWP and FPBS, see Fig. 5.3, where the ‘Pol.
Analyzer’ unit consists only of a HWP between a collimator and coupler in free
space. The coupling efficiency of Pol. Analyzer unit is ~ 85% in both arms, and
the insertion loss of the output FPBS is < 0.5 dB at 1550 nm. The signal (C-arm)
photon is projected onto one of the four horizontal (H), vertical (V), diagonal (D),

or anti-diagonal (A) polarization via a HWP followed by a FPBS, and then the
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coincidences are measured for different HWP angles (placed before the FPBS) in

the idler (L-arm) arm.

We first attenuate the waveguide input pump power to ~ 1-pW through a VOA
to avoid the multi-photon generation and then use a fiber PC to adjust the pump
polarization for maximally entangled Bell-state (|®*)) generation. The generated
polarization-entangled broadband spectrum (shown in Fig. 5.2(a)) is split into two
halves about 1550-nm using the C-L band splitter, such that all the signal photon
travels in C-arm and all idler photon travels in the L-arm. Sy and Iy represent
the signal and idler photon counts at the two output ports of their respective FPBS.
The observed two-photon interference (between the signal and idler photons) in
terms of coincidence counts is shown in Fig. 5.6 (after taking care of the 0° offset of
C-and L-arm HWPs) where the dots correspond to the experimental coincidences,
and the solid line is the sinusoidal fit. We note that when signal and idler photons
are projected on the linear (H, V, D, and A) basis, the maximum coincidence occurs
when both photons have the same polarization. For example, when the signal photon
is projected onto V-pol, the maximum coincidences occur corresponding to the case
when the idler is also V-pol, and if the signal is projected onto D-polarization,
maximum coincidences occur when the idler is also in D-polarization, and this is
consistent with the |®*) Bell state. The raw fringe visibilities in the H-V (0°, 45°)

and D-A (22.5° 67.5°) basis are 88.9%, 93.9% and 86.6%, 98.7%, respectively.

We further check the two-photon interference between four different polarization
combinations (Sy and Iy; Sy and Iy; Sy and Iy; Sy and Iy) of the signal and
idler photons using a single pair of SPADs. The observed coincidences for two fixed
angles (0° and 45°) of signal (C-arm) arm HWP are shown in Fig 5.7(a) and 5.7(b),
respectively. The co-polarized (symmetric) mode (Sy and Iy, Sy and Iy ), as well

as the orthogonal (anti-symmetric) polarization mode (Sy and Iy, Sy and Iy), are
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FIGURE 5.6: Two-photon interference when signal and idler photons are projected
onto the H-V and D-A polarization basis.
always in phase. The sinusoidal fringes of the symmetric polarization modes are out
of phase from the sinusoidal fringes of the anti-symmetric polarization modes, and
the rotation of the polarization analysis basis (via C-arm HWP) shifts the sinusoidal
fringes but preserves the phase difference among the individual fringes. This further

confirms the generation of polarization-entangled photon pairs [37].

The visibility of red, blue, green, and magenta sinusoidal fringes in Fig. 5.7(a) are
97.1%, 88.9%, 98.8%, and 90.1% respectively, whereas in Fig. 5.7(b) are 93.2%,
94.1%, 92.9%, and 90.1%, respectively. The unequal coincidence rate in different
polarization bases (in two-photon interference) is mainly due to slightly imperfect
input pump polarization, which gives a bit unequal generation of |Hy) |H;) and
|V5) |V;) contribution, ultimately limiting the maximum entangled Bell state gener-
ation. Another reason is the asymmetric response of the HWPs and FPBS, which

are used to characterize two-photon interference. This difference in the amplitudes
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FiGURE 5.7: Two-photon interference corresponding to the four possible combi-
nations of signal and idler polarization. The HWP angle in the signal (C-arm)
arm is fixed at (a) 0° (b) 45°, and the HWP angle of the idler (L-arm) arm is
varied.

of the coincidence counts (in different polarization bases) can be minimized by using

symmetrical optics and by precisely controlling the input pump polarization.

5.3.2 Violation of CHSH-Bell’s inequality

To analyze the violation of CHSH-Bell’s inequality, we utilize the interference fringe
pattern of Fig. 5.6, where we use a pair of HWP and FPBS to project the photon
in linear polarization basis. The maximum violation is observed at HWP angles
0, = 0° 0, =225° 6, = 11.25°, and 6, = 33.75° (see Chapter 1 for details). We
calculate the correlation coefficients and, hence, the S-parameter through the for-
mula given in Chapter 1 and obtained the CHSH-Bell parameter S = 2.49 + 0.017
[143, 144] (from our raw coincidence data). The explanation of the S-parameter
calculation from two-photon interference measurement is given below in Fig. 5.8,

where we use the coincidence data of Fig. 5.6.

This shows that the generated state violates the CHSH inequality by ~ 29 standard

deviations. Thus, it is evident that the broadband SPDC spectrum consists mainly
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FI1GURE 5.8: Calculation of S-parameter from two-photon interference fringe mea-

surement.

of polarization-entangled photon pairs, and the above results highlight the quality

of the source.

5.3.3 Quantum state tomography

To further check the generated Bell state, we perform quantum state tomography

(QST) by projecting photons in different polarization bases (as discussed in Chapter

1) and calculate the state fidelity. We repeat each measurement twice and then take

the average value of coincidence counts in the calculation of the density matrix (see

TABLE 5.1). The real and imaginary parts of the reconstructed density matrix are

shown in Fig. 5.9. From the experimental data, we find that |®T) = \%(!HS) |H;) +

|V5) |V;)) Bell-state is generated with a raw fidelity of ~ 89.4% (without background

subtraction) and raw concurrence ~ 0.83.
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FiGURE 5.9: The reconstructed density matrix of the broadband polarization
entangled state. The source generates a |®T) = %(]Hg |H;) + Vi) |Vi)) Bell
state with ~ 89.4% raw fidelity. Various colors in the density matrix are intended
for presentation purposes only and do not reflect any information.

TABLE 5.1: Quantum state tomography (QST) measurement [73]. CD/20s
denotes the measured average coincidence counts per 20-s. The density matrix
is reconstructed using the coincidence data through MATLAB code and/or an
online open tomography interface (which uses Python code), which are available
at

https:/ /research.physics.illinois.edu/QI/Photonics/tomography/.

Signal path (C-arm) Idler path (L-arm)
S.N. QWP HWP QWP HWP CD/20s
angle angle angle angle
1 (ie. 43°) | 45° (ie. 110°) (ie. 219 | 45° (ie. 75°) | 2379
> T 0° (o 439) | 45° (ie. 110°) | OF (ie. 219 | 0° (i.c. 30°) 271
3 | 0° (1e. 43°) | 0° (ie. 65°) | 0° (ie. 21 | 0O° (e 30°) 3527
4 [ 0°(le 43°) | 0° (ie. 65°) | 0° (ie. 21°) | 45° (ie. 75°) 69
5 | 0° (ie. 43°) | 22.5° (Le. 87.5°) | 0° (ie. 21°) | 45° (ie. 75°) | 1105
6 | 0° (Le. 43°) | 22.5° (ie. 87.5°) | 0° (ie. 21°) | 0° (ie. 309 2635
7 1 45° (ie. 88°) | 22.5° (ie. 87.5°) | 0° (ie. 21°) | 0° (ie. 30°) 2108
8 [ 45° (i.e. 88°) | 22.5° (ie. 87.5°) | 0° (ie. 21°) | 45° (ie. 75°) | 1375
0 457 (o, 85%) | 22.5° (ie. 8757 | O° (ie. 21°) | 22.5° (ic. 52.5°) | 1757
10 | 45° (ie. 88°) | 22.5° (i.e. 87.5°) | 45° (L.e. 66°) | 22.5° (ie. 52.5°) | 3286
11 | 0° (ie. 43°) | 22.5° (ie. 87.5°) | 45° (i.e. 66°) | 22.5° (ie. 52.5°) | 1819
12 | 0° (Le. 43°) | 45° (ie. 110°) | 45° (i.e. 66°) | 22.5° (ie. 52.5°) | 1283
13 | 0° (Le. 43°) | 0° (ie. 65°) | 45° (i.e. 66°) | 22.5° (ie. 52.5°) | 1812
14 | 0° (ie. 43°) | 0° (ie. 65°) | 90° (i.e. 111°) | 22.5° (i.e. 52.5°) | 2177
15 | 0° (ie. 43°) | 45° (ie. 110°) | 90° (Le. 111°) | 22.5° (ie. 52.5°) | 1592
16 | 0% (ic. 43°) | 22.5° (io. 8757 | 90° (ie. 111°) | 2257 (ie. 52.5%) | 3714
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TABLE 5.2: Comparison of our source with the relevant state-of-the-art polariza-
tion entangled photon-pair sources which employ the Sagnac loop configuration to
generate |®T) Bell state. Q.E. = Quantum efficiency, CDW = Coincidence detec-
tion window, NR = Not reported, p = pump wavelength, s = signal wavelength, i
= idler wavelength, APD = Avalanche photodetector, SNSPD = Superconducting
nanowire single-photon detector.

Source Spectral Entanglement Fidelity | S-parameter | Detectors used
bandwidth shown in (Q.E., CDW)
Ref. [131] NR Single channel 85% NR APD
p = 1552.52 nm (22.6%, NR)
s = 1555.75 nm
i=1549.32 nm
Ref. [37] 40 nm Single channel NR 2.5 £0.02 APD
p = 780 nm (20%, 81ps)
s = 1574 nm
i = 1546 nm
Ref. [138] NR Single channel 96.3% NR SNSPD
p = 780 nm (NR)
s = 1541 nm
1 = 1580 nm
Ref. [133] 60 nm Single channel 98.1% | 2.76 £+ 0.03 SNSPD
p = 1553 nm (80%, 500 ps)
s = NR,i=NR
Ref. [139] 58 nm *Single channel 95% NR SNSPD
p = 1560 nm (74%, 120 ps)
s ~ 1555.2 nm
i~ 1564.8 nm
Ref. [132] 3.2 nm Single channel NR 2.50 £ 0.12 APD
p = 1550.1 nm (20%, 0.4 ns)
s ~ 1552.25 nm
i~ 1547.72 nm
Ref. [23] NR Single channel 93.4% | 2.66 + 0.10 APD
= 1550.18 nm (20%, NR)
s ~ 1557.36 nm
i~ 1542.94 nm
This work 52 nm Broadband 89.4% | 2.49 £ 0.017 APD
p = 775 nm (10%, 512 ps)
s ~ 1520-1550 nm
1 ~ 1550-1580 nm
Single channel 96.5% | 2.55 £+ 0.024 APD

p = 774.894 nm
s = 1549.318 nm
1 = 1550.117 nm

(20%, 512 ps)

Note: *Channel bandwidth is 8 nm (i.e. s ~ 1548.2-1556.2 nm, i ~ 1560.8-1568.8 nm).
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After the subtraction of background counts (~ 10, which were measured when no
phase-matching condition was satisfied, i.e., at T = 28°C), the fidelity and con-
currence increase to 89.84% and 0.83, respectively. If we consider the minimum
coincidences of two-photon interference fringes as background counts (in our case,
it is ~ 67 in red fringes, see Fig. 5.5), then after background count subtraction, the
fidelity and concurrence increase to 92.29% and 0.88, respectively. The high value
of fidelity and concurrence obtained using standard room temperature APDs with-
out any filtering/channelization indicates the generation of broadband polarization-
entanglement. We also checked the quantum entanglement in one channel pair by
inserting a digital tunable filter (FHWM ~ 1-nm) at wavelength 1547-nm and 1553-
nm in the C-and L-arm, respectively. We observed a raw fidelity of ~ 84.4% and
raw concurrence ~ (0.82. The low value of fidelity and concurrence could be due to
the high insertion loss of the digital tunable filter and imperfect optimization of the
experimental setup. We note that the fidelity increases to ~ 96.5% when we filter
out a single DWDM channel pair (ITU-34 & ITU-35) for entanglement characteri-
zation with slightly more efficient APDs (20%, ID Qube NIR, ID Quantique) and
well optimized experimental setup, which is comparable to the state-of-the-art (see

TABLE 5.2).

5.4 Conclusion

In conclusion, we demonstrate a fiber-coupled broadband source of polarization-
entangled photon pairs based on type-0 SPDC in a Zn-indiffused MgO:PPLN ridge
waveguide in the Sagnac loop. The generated spectrum is centered at 1550 nm
with FWHM bandwidth ~ 52 nm, and it spans the telecom C- and L-bands. The

estimated spectral brightness of our source is ~ 2x10® pairs/s/mW /nm, and it has
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a high temporal correlation (CAR > 1000) among the photon pairs. We analyze the
entanglement by splitting the output spectrum into two halves (signal in one half
and idler in the other half) at 1550 nm. The interference fringe visibility in the H-V
basis is > 88.9% and in the D-A basis is > 86.6%. The observed S-parameter (2.49 +
0.017) shows the violation of CHSH-Bell’s inequality by 29 standard deviations, and
the generated |®*) Bell state has a raw fidelity of ~ 89.4% and concurrence ~ 0.83.
Our results indicate that the source mainly generates polarization-entangled photon
pairs over the entire broadband spectrum. This simple fiber-integrated broadband
source can be directly used in a WDM-based QKD, optical fiber-based long-distance
quantum communication, and in the study of fundamental aspects of quantum optics

where entangled photons are required.
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Chapter 6

Multi-user telecom source of
tunable polarization-entanglement
for long-distance (~ 100 km)
WDM-based quantum

communication network!

In this chapter, we demonstrate an efficient and easily deployable fully fiber-integrated

multi-user source of polarization-entangled photon pairs in the low-loss telecom

1

Parts of this chapter have been published in the followings

a) Vikash Kumar Yadav, Vivek Venkataraman, and Joyee Ghosh, “Telecom source
of tunable polarization-entanglement distribution up to 100-km for multi-user QKD over
metro-area fiber-optic networks”, APL Quantum 2 (1), (2025).

b) Vikash Kumar Yadav, Vivek Venkataraman, and Joyee Ghosh, “Entanglement dis-
tribution over 100 km via a fully fiber-integrated telecom quantum source,” (Abstract
accepted for oral presentation in APS March Meeting 2025).

c) Granted Indian Patent: Application number - 202411033430, Patent number
- 560305.
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C-band. The source is based on type-0 SPDC in a fiber-coupled Zn-indiffused
MgO:PPLN ridge waveguide (Waveguide 2) in the Sagnac configuration, and it can
be easily tuned to generate the |®T) or |®~) Bell state in 14 channel pairs of the
standard ITU-DWDM grid (100 GHz channel spacing) around 1550 nm with raw
fidelity > 89% (maximum value > 94%) and raw concurrence > 0.8 (max value ~
0.88). The observed S-parameter is > 2.56 £ 0.04 in all 14-channel pairs for both Bell
states. We show the source’s suitability for long-distance entanglement transmission
by successfully transferring the entangled photons up to 100 km via single-mode fiber
spools and study the impact of polarization mode dispersion (PMD) on entangle-
ment distribution. Our highly flexible source generates 14 independent polarization
entangled Bell states, which can be used by 14 user pairs simultaneously for quan-
tum communication or key distribution. The proposed source can support up to 40
user pairs for simultaneous communication, and it can be easily deployed into the
current metropolitan-scale fiber-optic telecom network to form a complete quantum

communication network.

6.1 Introduction

A multi-user polarization-entangled photon pair source is the key to a realistic quan-
tum communication network, which enables widespread connectivity for multi-user
communication and secret key distribution [46, 47, 51]. Despite the advancement
in quantum light sources based on SPDC [37, 35, 63] and SFWM [145, 146], the
development of large-scale fully-connected quantum networks has remained elusive,
because of the applicability of such sources mostly being limited to a single pair

of communicating parties/users. In this regard, a multi-channel WDM source of
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polarization-entangled photons could be a promising candidate for the establish-
ment of a large metropolitan-scale quantum communication network. The advance-
ment in quantum technologies, such as QKD between remote users [4, 43, 147]
and long-distance entanglement transmission [4, 148, 149, 150], has already shown
the potential for the practical realization of metro-area and/or long-haul networks
and quantum internet. Different sources of multi-user communication have been
proposed in the last two decades, for example, the source proposed by Ref. [51]
potentially supports 44 channel pairs but entanglement was characterized in only 6
channel pairs, Ref. [130] has shown polarization entanglement in 4 channel pairs,
Ref. [151] has shown hyper-entanglement in 5 channel pairs, and Ref. [46, 47] have
shown the entanglement in 6 and 8 channel pairs, respectively. The above sources
utilize a periodically poled lithium niobate (PPLN) crystal /waveguide and generate
a |®T) Bell state at telecom wavelength. Ref. [51] used a 1-mm long PPLN in the
Sagnac loop in a free space setup, Ref. [130] used two 30-mm long PPLN crystals
arranged in a Mach-Zehnder interferometer in a free space setup, Ref. [151] used a
38-mm long PPLN in Sagnac loop in a fiber-integrated setup, and Ref. [46, 47] used
a 40-mm and 50-mm long PPLN crystal in Sagnac loop in free space, respectively.
Recently, more than 15 ITU channel pairs have been exploited to create a complete
quantum network [48, 49]. The above-mentioned sources are either limited to a few
users and /or are not compact /fiber-integrated and difficult to deploy outside the lab-
oratory and/or have not completely characterized entanglement in all channel pairs,
which is important for their applicability in long-distance (metropolitan-scale) net-
works. The scalability of a WDM-based quantum communication network requires
an easily deployable, compact, efficient, and stable broadband /multi-channel source
of polarization-entangled photons with high spectral brightness and strong spectral

correlations (negligible cross-talk between corresponding channel pairs).
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Here, we demonstrate and characterize a fully fiber-integrated multi-channel source
of polarization-entangled photons in the low-loss telecom C-band based on a 40-
mm long Zn-indiffused MgO:PPLN ridge waveguide. We employ the waveguide
in Sagnac configuration to generate broadband tunable polarization-entanglement
around 1550 nm and demultiplex the spectrum using a standard arrayed waveg-
uide grating (AWG) into the DWDM ITU grid with 100-GHz channel spacing. The
source can generate either |®*) or |®~) Bell state, and it can be easily tuned from
one to another with the help of a fiber polarization controller. We characterize
various entanglement witness parameters such as two-photon interference, viola-
tion of CHSH-Bell’s inequality, concurrence, and quantum state fidelity in 14 I'TU
wavelength channel pairs. We also check the source’s suitability for long-distance
entanglement transmission and study the effect of PMD on entanglement distribu-
tion. We show the generation of 14 independent bipartite polarization-entangled
Bell states in a fully fiber-integrated source and report the best performance metrics
to date with standard room temperature single-photon avalanche detectors (APDs).
The source can be utilized by 14 different user pairs simultaneously for long-distance

quantum communication or key distribution.

6.2 ITU channel pair correlations and emission

spectrum utilization

6.2.1 Characterization of AWG channel pair cross-talk

In the last chapter (Chapter 5), we discussed the broadband source of polarization-

entangled photons at telecom wavelengths, which has the potential for WDM QKD.
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Here, we want to extend that design into a multi-user source for quantum commu-
nication applications by demultiplexing the spectrum width through arrayed wave
grating (AWG) (which is a single-stage filter that deploys planar waveguide technol-
ogy [152]). But to implement a source for a multi-user QKD network, the knowl-
edge of channel pair cross-talk or channel pair correlation is essential because a high
cross-talk between the adjacent channel pairs deteriorates the entanglement shared
by the user pairs and leads to the bit error rate in key distribution. Therefore
here we first find characterize the correlations between the channel pairs. We use
a passive athermal 32-channel AWG (AC Photonics: AAWGG132DC50H241011)
in the experiment, which has 32 channels (Gaussian shape transmission) from C50
(1537.407 nm) to C19 (1562.23 nm) in the ITU grid (see Fig. 6.1). The nominal
channel spacing of the AWG is 100 GHz, and the insertion loss in each channel is <
3 dB.

Figure 6.2(a) shows the experimental setup to characterize the AWG channel pair
correlation in Sagnac configuration. We note from Fig. 6.1 that the AWG channel
pairs are not symmetrical at about 1550 nm, so simply demultiplexing of the spec-
tral width through AWG will not suffice because our source generates broadband-
entanglement degenerate at 1550 nm (when we use a pump wavelength of 775 nm).
This may lead to channel pair cross-talk. Here, we first tune the pump wavelength
to 775.06 nm such that we have degenerate emission at 1550.12 nm (which corre-
sponds to AWG ITU channel C34). We pump the waveguide with ~ 40 pW near
the phase-matching temp 37.5°C and measure the coincidences between different
channel pairs as shown in Fig. 6.2(b). We note that channel C35 is correlated with
channel C33, and channel C36 is correlated with channel C32, and so on. However,
the correlation weakens as we move from channel pair C42-C26 onward to C49-C19,

and the cross-talk also increases.
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Test Data Sheet

1x32 Channel Gaussian 100GHz Athermal AWG Demux module
PIN: AAWGG1320CE0H24101 1 | SIN: 180523000004
Test Temperature: -5.0 °C
CHNo Center WL | WL Diff 1d8 BW FWHM IL{dB) Ripple(dB) | PDL(dB) Adj CT Total CT | Non Adj CT
C50 1537.407 | -0.011 0.156 0.239 2.738 0.435 0.183 -35.455 -31.889 -37.984
ca9 1538.187 | -0.012 0.162 0.341 2.620 0444 0.155 +35.800 -34.761 -40.345
Ca8 1538.967 | -0.009 0.157 0.340 2.579 0.547 0.198 -32.039 -32.557 -38.854
Ca7 1539.774 | -0.018 0.148 0.339 2.524 0.494 0.197 -33.075 -30.811 -38.531
C46 1640.567 0.007 0.137 0.312 2.797 0.608 0.152 -31.680 -33.315 -38.775
c45 1541.342 0.005 0.168 0.254 2.520 0.604 0.176 -33.585 -34.585 -38.378
Cdd 1542.151 0.001 0.122 0.252 2.173 0.607 0.152 +34.429 -31.686 -36.084
c43 1542.926 | -0.001 0.166 0.266 2.625 0.496 0.168 -33.281 -32.779 -36.602
caz 1543.731 -0.009 0.161 0.320 2.755 0.545 0.164 -33.770 -34.303 -40.273
C41 1544.536 -0.014 0.127 0.344 2.539 0.624 017 -35.262 -33.757 -40.993
C40 1545340 | -0.001 0.129 0.285 2,679 0619 0.175 -31.758 -30.052 -40.291
C39 1546125 | -0.003 0.132 0.212 2.603 0.584 0.154 -34.683 -30.851 -39.100
C38 1546,921 -0.006 0.141 0.350 2.515 0.434 0.199 -31.288 -31.423 -39.356
c37 1547.721 -0.018 0.169 0.275 2.647 0.521 0.186 -33.654 -31.482 -36.551
C36 1548.533 0.006 0.163 0.316 2.696 0.513 0.180 -35.143 -32.613 -40.621
c35 1549.318 | -0.012 0.160 0.300 2.609 0.496 0.185 -34.812 -31.473 -39.921
C34 1550117 | -0.001 0.157 0.227 2.685 " 0528 0.172 -32.737 -34,888 -39.872
Cc33 16560.912 -0.014 0.159 0.236 2,668 0.443 0.197 -32.768 -34.040 -37.459
c32 1551.724 0.008 0.165 0.213 2.734 0.590 0.191 -31.281 -32.444 -38.827
c31 1552.538 0.008 0.167 0.216 2.771 0.566 0.152 -34.079 -30.595 -36.379
c30 1553.322 0.002 0.168 0.279 2.515 0.573 0.151 -35.978 30,412 40,702
c29 1554135 | -0.009 0.131 0.324 2.540 © 0.506 0.191 -33.895 -33.075 -38.033
c28 1554.944 | -0.013 0.148 0.345 2.544 0.555 0.198 -35.979 -31.508 -38.676
ca27 1555.759 0.002 0.150 0.277 2.662 0.564 0.178 431,143 -30.901 -39.858
c26 1556.560 | -0.049 0.144 0.345 2.515 0.564 0.159 32,140 -31.815 -40.522
c25 1557.370 | -0.018 0.126 0.217 2,777 0.461 0.196 -32.013 -30.028 -40.659
c24 1558178 0.000 0.148 0.313 2,660 0.571 0.161 -34.399 -33.645 -40.873
c23 1558.997 | -0.009 0.142 0.339 2.748 0.618 0.183 -32.538 -30.532 -36.279
c22 1559.803 | -0.013 0.139 0.240 2.588 0,496 0.197 -31.799 -31.692 -40.938
c21 1560619 | -0.015 0.156 0.267 2.588 0.515 0.182 -33.885 -31.354 -30.053
c20 1561.420 | -0.004 0.170 0.235 2.544 0.594 0.156 -33.788 -30.562 -37.040
c19 1562.230 0.008 0.169 0.333 2.665 0.445 0.191 -33.590 -31.106 -38.774
Tester:V8002 Date:2023-2-25

FIGURE 6.1:

Specification sheet of the arrayed-waveguide grating (AWG).
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FIGURE 6.2: (a) Experimental setup to characterize the channel pair correlation

of AWG in Sagnac configuration. (b) Measured coincidence spectrum between

different channel pairs at a pump wavelength of 775.06 nm.
To find the optimum parameters for the best channel pair correlation, we perform a
single-pass SPDC and tune both the wavelength and waveguide temperature. The
experimental setup is as follows: A CW pump laser, VOA, fiber polarization con-
troller, type-0 Zn-indiffused MgO:PPLN waveguide, WDM at 775/1550 nm, long-
pass filter (LPF), AWG, SPAD, and a coincidence counter. We set the pump laser
at ~ 774.8938 nm and operate the waveguide (pump power ~ 39 uW) at a tem-
perature of 34.33°C for this single-pass down-conversion process which generates
the degenerate spectrum at nearly the central wavelength of channel C35 (1549.318
nm) and C34 (1550.117 nm). The coincidence counts between different wavelength
channels of the AWG are measured in a coincidence counter PicoHarp 300 at 512
time-bin-width, which are shown in Fig. 6.3. It is evident that at these parameters,
all 16 channel pairs are highly spectrally correlated e.g. channel number 35 (C35)
shows a high coincidence with channel 34 (C34) only (C35 has a coincidence of ~
666/s with C34, ~ 18/s with C33, and < 2/s with the rest), and channel 36 shows
a high coincidence with channel 33 only, and so on. We find negligible cross-talk
throughout the 16 channel pairs. This indicates that all 16 channel pairs can be

used to route the entangled photons for multi-user QKD and communication.
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FIGURE 6.3: AWG channel pair correlation at waveguide temperature = 34.33°C,
pump wavelength = 774.8938 nm, and pump power ~ 39 nW. The x and y-axis
show the ITU channels, and the color bar indicates the coincidence counts/20s.
The Inset image shows the coincidences/s in the log scale.

6.2.2 ITU channel allocation on emission spectrum

The photon pair emission spectrum and the AWG’s ITU channel pairs are shown
in Fig. 6.4. The pink dots represent the experimentally measured telecom photon
pair spectrum, and the dashed blue line is the theoretical sinc?. The colored bars
are the AWG channel wavelengths where red, green, and blue bars on the signal
side correspond to channels 37 (C37 = 1547.721 nm), 38 (C38 = 1546.921 nm), and
39 (C39 = 1546.125 nm), respectively. The grey color bar shows channel number
50 (C50 = 1537.407 nm). On the idler side, the color bars in the same sequence
correspond to channel numbers 32 (C32 = 1551.724 nm), 31 (C31 = 1552.538 nm), 30
(C30 = 1553.322 nm), and 19 (C19 = 1562.23 nm) respectively. The same colored
bars indicate an entangled photon pair; for example, photons of channel C37 are

entangled with the photons of C32, and similarly, photons of channel pair C50 are



Chapter 6. Multi-user telecom source of tunable polarization-entanglement for
long-distance (~ 100 km) WDM-based quantum communication network

110

entangled with photons of channel C19. Here, we characterize the entanglement
in 14 channel pairs (C37-C32 to C50-C19) of the AWG that lies only within the
highly efficient region of the emission spectrum. It is evident from Fig. 6.4 that
more channel pairs (up to ~ 40) can be exploited for quantum communication/key
distribution since a large portion of the emission spectrum is still unused by our

32-channel AWG.
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FIGURE 6.4: Telecom photon pairs emission spectrum centered around 1550 nm
and ITU channels. The pink dots represent the experimental values of photon
counts with respect to wavelength, and the dotted blue line is the theoretical sinc?.
The colored bars show the ITU channels of AWG (channel spacing 100 GHz), and
the same color bars on both sides of 1550 nm correspond to an entangled channel
pair.



Chapter 6. Multi-user telecom source of tunable polarization-entanglement for
long-distance (~ 100 km) WDM-based quantum communication network 111

6.3 Multi-user source of polarization entangled pho-

ton pairs in low loss telecom C-band

6.3.1 Experimental setup

Figure 6.5(a) shows the experimental setup for polarization-entangled photon pair
generation and characterization for multi-user quantum communication and secret
key distribution. The experimental setup is partially the same as we discussed
in the last chapter (Chapter 5). We use a CW tunable laser to pump the fiber-
pigtailed Zn-indiffused MgO:PPLN ridge waveguide (Waveguide 2, phase-matching
temperature 36.5°C, length 40-mm) in the Sagnac loop configuration for broadband
polarization-entangled photon pair generation. Though the waveguide is type-0
phase-matched for degenerate down-conversion i.e. 775 nm (pump, V-pol) — 1550
nm (signal, V-pol) + 1550 nm (idler, V-pol) at temperature 36.5°C, the generated
spectrum’s central wavelength can be slightly tuned by tuning the pump wave-
length and waveguide temperature. The generated signal (shorter-wavelength) and
idler (longer-wavelength) photons are separated into the C- (~ 1520-1550 nm) and
L- (~ 1550-1580 nm) arms, respectively, of a telecom C-L band splitter and a pair
of fiber polarization controllers are used in the C- and L-arm to control the output
polarization and to introduce a desired phase in two paths. We then use a com-
bination of a QWP, HWP, and FPBS for entanglement analysis before combining
the entangled photon pairs into a single fiber through another C-L band splitter /-
combiner. Finally, we demultiplex the entangled photon spectrum into various ITU
channels using a 32-channel AWG. The quantum state fidelity, two-photon interfer-
ence, and violation of CHSH-Bell’s inequality are then characterized in 14 channel

pairs using QWP, HWP, and an FPBS (that are placed in the C- and L-arms). The
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experimental setup is designed in such a manner that once we switch on the source,
the entanglement in all 14 channel pairs can be analyzed simultaneously in a single

measurement.
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( ) A multi-channel source of polarization entangled photon pairs
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FIGURE 6.5: (a) Experimental setup for polarization-entangled photon pair gen-
eration and characterization for multi-user communication and secure key distri-
bution at telecom wavelengths. VOA: Variable optical attenuator, PC: Fiber po-
larization controller, WDM: Wavelength-division-multiplexer, FPBS: Fiber polar-
ization beam splitter, TC: Temperature controller, LPF: Long-pass filter, QWP:
Quarter wave plate, HWP: Half wave plate, SPD: Single photon detector, AWG:
Arrayed waveguide grating, I /|H;): Idler with horizontal polarization, Sy /|Hs):
Signal with horizontal polarization, |V;): Idler with vertical polarization, |Vs): Sig-
nal with vertical polarization. The blue and brown lines represent the polarization
maintaining and single mode fiber, respectively. C19 to C50 are the wavelength
channels in the ITU grid (C-band). (b) Schematic for simultaneous multi-user
communication using the polarization-entangled photon pair source.

However, here, we characterize the entanglement in all channel pairs one by one
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by employing a single pair of single-photon avalanche photodetectors (SPAD) (ID
Quantique: ID Qube-NIR-FR-MMF-LN, detection efficiency 20%, dead time 5 ps,

< 200 ps, and dark counts < 700 cps) due to the unavailability of

timing jitter S
14 detector pairs. Rather than optimizing the setup for maximum fidelity in each
channel pair, the setup is optimized once, and the measurement is carried out in
all channel pairs (sequentially) to see the realistic application of the source. The
coincidence events between the two detectors are recorded in a time-tagger unit
(PicoQuant: PicoHarp 300) with a time-bin-width of 512 ps. Figure 6.5(b) shows

the schematic of how 14 different user pairs can utilize the source simultaneously for

quantum communication and secret key distribution.

6.3.2 Tunable Bell state generation and characterization

As discussed earlier, the cross-talk between the channel pair is minimal at waveguide
temperature T = 34.33°C and pump wavelength A\ = 774.8938-nm. Thus, we pump
the waveguide at the above-mentioned wavelength and temperature to generate a
polarization-entangled Bell state in all channel pairs. We first attenuate the waveg-
uide input pump (A = 774.8938-nm) power to ~ 50 ptW using a variable optical
attenuator (VOA) and then use an input fiber polarization controller to adjust the
pump polarization for the maximally entangled |®*) Bell-state generation.

1

|(I)+> - NG

(1H) [Hi) + Vo) [Vi)) (6.1)

The topology shown in Fig. 6.5(a) allows us to characterize the entanglement in

all 14 channel pairs (from C37-C32 to C50-C19) at once without altering the setup.
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Here, we leave out channel pair C35-C34 and C36-C33 due to the C-L band split-
ter’s substantial uneven insertion loss at these wavelengths as a result of the band

splitter’s transmission profile.
The experimental setup can also be tuned to generate the |®~) Bell state

1

‘(I)_> = NG

() | H) = V2) Vi) (62)
The approach used here is based on the fact that a unitary transformation on one
of the qubits of a Bell state can convert it to another Bell state [153]. The |®*) Bell
state can be converted into the |®~) Bell state if we use a HWP at 0° (i.e. fast axis
of the HWP is aligned at an angle 0° with respect to the horizontal axis) in front
of either signal or idler arm’s polarization analysis unit. In our case, we achieve
this desired phase between the C (signal) and L (idler) arm (to convert one state to
another) with the help of two fiber polarization controllers that are placed at the

end of the first C-L band splitter.

To experimentally investigate the generation of two different Bell states, we first
optimize the source for the entanglement generation in channel pair C38-C31 and
observe the two-photon interference (see Fig. 6.6(a) and 6.6(b)). The idler photons
traveling in the L-arm are projected into H-V and D-A bases using a HWP and an
FPBS, and the polarization of signal photons traveling in the C-arm is continuously
varied by rotating the corresponding HWP. While measuring in the D-A basis, we
notice that for the |®~) Bell state, the maximum coincidence occurs when the idler
photon is projected into D-polarization, and the signal is A-polarized, whereas, for
the |@1) Bell state, the maximum coincidence occurs when the signal is also D-
polarized, certifying the generation of two different Bell states. The behavior of

interference fringes for the |®~) and |®*) Bell states are similar in H-V basis and are
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FIGURE 6.6: Two-photon interference fringes for the generated (a) |®~) Bell
state (b) |®*) Bell state in ITU channel pair C38 (1546.921 nm) - C31 (1552.538
nm). The dots and the dashed lines show the experimental data and sinusoidal
fit, respectively. Real and imaginary parts of the reconstructed density matrix
of the (c) |®7) Bell state (d) |®*) Bell state in channel pair C38-C31. The raw
fidelities corresponding to the |®~) and |®T) Bell states are ~ 94% and ~ 95%,
respectively. Various colors in the density matrix are intended for presentation
purposes only and do not reflect any information.

opposite in the D-A basis (for details, see Chapter 1). In Fig. 6.6(a) and 6.6(b), the
dots stand for experimental values, and the dashed lines are the sinusoidal fit. The
fringe visibilities in H (0°), D (22.5°), V (45°), and A (67.5°) polarization projections
are 95.98%, 88.23%, 96.91%, and 89.38%, respectively, for the |®~) Bell state, and
for the |®T) Bell state the corresponding visibilities are 86.71%, 94.07%, 97.71%,

and 90.01%, respectively.

Further certification for two different Bell state generations is given via QST. TA-
BLE 6.1 shows the measured coincidence counts in channel pair C38-C31 for two
Bell states during the QST measurement, and Fig. 6.6(c) and 6.6(d) shows the
reconstructed density matrices for |®7) and |®1) Bell states, respectively. The raw

fidelities for the |®~) and |®1) Bell states are ~ 94% and ~ 95%, respectively. This
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TABLE 6.1: Quantum state tomography (QST) measurement for [®~) and |®T)
Bell states in ITU channel pair C38-C31 [73].

Signal path Idler path |D7) |DT)
(C-arm) (L-arm) Bell state Bell state
S.N. | QWP | HWP | QWP | HWP | Coincidence/10-s | Coincidence/10-s
angle | angle | angle | angle | (Average counts) | (Average counts)
1 0° 45° 0° 45° 938 1055
2 0° 45° 0° 0° 50 21
3 0° 0° 0° 0° 798 1022
4 0° 0° 0° 45° 22 19
) 0° 22.5° 0° 45° 381 604
6 0° 22.5° 0° 0° 572 454
7 45° 22.5° 0° 0° 467 016
8 45° 22.5° 0° 45° 419 459
9 45° 22.5° 0° 22.5° 443 732
10 45° 22.5° | 45° 22.5° 27 1025
11 0° 22.5° 45° 22.5° 626 545
12 0° 45° 45° 22.5° 637 412
13 0° 0° 45° 22.5° 415 485
14 0° 0° 90° 22.5° 373 629
15 0° 45° 90° 22.5° 499 462
16 0° 22.5° 90° 22.5° 46 963

shows that the source can generate both the Bell states with high fidelity, and the
output state can be easily tuned from |®7) to |®T) or vice-versa with the help of a

manual fiber polarization controller.

6.3.3 Polarization-entanglement characterization in all 14

ITU channel pairs

For the scaling of a WDM-based quantum communication network, the source must
have the capacity to serve a large number of users, as this will reduce the total num-
ber of sources required to build a large quantum network and also the financial cost
of the infrastructure [47]. The hardware needed for simultaneous quantum commu-

nication between multiple users can be reduced when a large number of wavelength
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channels of the source are exploited, enabling all users to be fully connected such
that each user shares quantum entanglement with every other user of the network
[46, 47]. In this regard, we evaluate the capacity of our source and the number of
channel pairs that can be used for secure communication, QKD, and entanglement
transmission to remote users. Here, we measure the violation of CHSH inequal-
ity, concurrence, and entanglement fidelity (by performing QST) in 14 ITU channel
pairs without altering the experimental setup. We first optimize the source once for
maximum entanglement generation in channel pair C38-C31 and then use a single
pair of SPAD to characterize the entanglement in all channel pairs sequentially.
Figures 6.7(a), 6.7(b), and 6.7(c) show the quantum state fidelity, concurrence, and
S-parameter, respectively, for both |®7) and |®T) Bell states in all 14 ITU chan-
nel pairs (C37-C32 to C50-C19). The pink shaded area in 6.7(a) and 6.7(b) shows
the classical region for fidelity and concurrence, respectively, which means that if
the value falls outside of this range, it indicates the generation of a quantum (non-
classical) state. It is evident that, in our case, the generated state is a high-quality

quantum state in all channel pairs.

The raw fidelity is > 90% in all channel pairs for the |®~) Bell state, and the
maximum fidelity is ~ 94% in channel pair C38-C31 and C39-C30. For the |®T)
Bell state, the raw fidelity is 2 89% in all channel pairs, and the maximum fidelity
is ~ 95% in channel pair C38-C31. The raw concurrence is 2 0.82 in all channel
pairs for the |®~) Bell state, and the maximum value is ~ 0.88 in channel pairs
C38-C31 and C39-C30. For the |[®T) Bell state, the raw concurrence is 2 0.8 in all
channel pairs, and the maximum concurrence is ~ 0.91 in channel pair C38-C31. It
is obvious from Fig. 6.7(c) that each channel pair carries an entangled photon pair
as it substantially violates the CHSH-Bell’s inequality (i.e. S > 2) by many standard

deviations. The minimum value of S-parameter is ~ 2.65 £ 0.03 and the maximum
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FIGURE 6.7: (a) Raw fidelity (b) raw concurrence and (c) S-parameter for the
|®~) and |®T) Bell states in 14 different ITU channel pairs. Here, the circles
correspond to the |®~) Bell state, and hexagons (stars) correspond to the |®1)
Bell state. The top x-axis shows the ITU channel number, and the bottom x-axis
shows the corresponding wavelength of the channels. The experimental values of
a particular Bell state (circles or hexagons) of the same color indicate the same
number. For example, the gray circles corresponding to a |®~) state have the
same value of fidelity /concurrence/S-parameter for channel number C50 and C19
because the entanglement is measured in the channel pair C50-C19. The pink-
shaded region in fidelity and concurrence shows the classical domain, i.e. if a value
falls outside of the pink-shaded region, it indicates that the state is quantum. The
gray-shaded region in the S-parameter represents the quantum domain.
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value is ~ 2.75 £ 0.03 for the |®~) Bell state; and for the |®T) state the minimum
value is ~ 2.56 + 0.04 and the maximum value is ~ 2.68 4+ 0.03. The S-parameter
for |®F) Bell state is calculated by S = |(E(,,0) — E(64,6,) + E(0,,0,) + E(0,,6,)]
(see Chapter 1 for details) and for |®~) Bell state is calculated by S = |(E(6,,6,) —
E(0,,0,) + E(0,,0,) + E(0.,,0,)| using HWP angles 0, = 0°, 6, = 22.5°, 6, = 11.25°,
and 6, = 33.75°.

The above results show that all 14 channel pairs carry an independent bipartite

polarization-entangled Bell state given by
1
0% = E(‘HMSMH&)i Vaws) Ve ) (6.3)

here n =1,2,3,.....14 and |H,, ),

H,

n,i

> denotes the horizontally polarized signal
and idler photons of n*" wavelength channel pair having a wavelength of ), and )\;1,
respectively; |V,\n’s>, ‘V)\; Z> denotes the vertically polarized signal and idler photons
of n** wavelength channel pair having a wavelength of A, and \,, respectively. Since
each channel pair has unique wavelengths and negligible cross-talk, this indicates the
parallel generation of 14 independent bipartite polarization-entangled states that can
be exploited in a WDM-based quantum communication network. For example, 14
user pairs can access the source simultaneously for quantum communication and/or
secret key distribution if we deploy a two-user communication scheme, as shown in
Fig. 6.5(b). Alice 1 can communicate with Bob 1, Alice 2 can communicate with
Bob 2, and so on because each user pair owns a unique bipartite entangled state
independent of any other user pair. Alice 1 can not communicate with any other
user except Bob 1 since they do not share any entangled photons. However, this
can be enabled if we use optical switches to route the photons of Bob 1 to any

other user with whom Alice 1 wants to communicate [130] or all the channels can be
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multiplexed to form a complete network where each user shares entanglement with

every other user [46, 47].

6.4 Long-distance (up to 100 km) entanglement

transmission

To transfer the entangled photons to remote parties for quantum communication
and key distribution, the source needs to be highly efficient. In a realistic scenario,
the users of a metropolitan-scale quantum network are located dozens of kilometers
apart. Therefore, the source must be able to send entangled photons to these remote
users. This requires the multi-user source to have high-fidelity entanglement, com-
pactness, and low bit error rate. We assess our source in this context by observing
the fidelity of the transmitted state, coincidence rate, and QBER when these entan-
gled photon pairs are sent over a long distance via fiber spools (Sterlite Technologies

Ltd.).

Since we have already characterized and verified the simultaneous entanglement in
all channel pairs, we now exclude the two C-L band splitters and directly connect
the AWG to the LPF, as this will allow us to exploit all the 16-channel pairs of
the AWG and would mimic a more realistic scenario where each user pair of the
quantum network will have their separate polarization analysis module for entan-
glement characterization and key distribution. Figure 6.8 shows the experimental
setup for long-distance transmission of entangled photons where we select the ITU
channel pair C38-C31 (pertaining to one user pair, Alice and Bob, respectively) and
connect a fiber spool in one or both channels and measure the entanglement. Here,

we study three different scenarios: a) when C38 and C31 both have 50 km fiber
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FIGURE 6.8: Experimental setup of a multi-user telecom source for long-distance
transmission of polarization-entangled photon pairs. VOA: Variable optical atten-
uator, PC: Fiber polarization controller, WDM: Wavelength division multiplexer,
FPBS: Fiber polarization beam splitter, TC: Temperature controller, LPF: Long-
pass filter, AWG: Arrayed waveguide grating, SM fiber spool: Single mode fiber
spool, QWP: Quarter wave plate, HWP: Half wave plate, SPD: Single photon
detector, Iy /|H;): Idler with horizontal polarization, Sy /|Hs): Signal with hori-
zontal polarization, |V;): Idler with vertical polarization, |Vs): Signal with vertical
polarization. The blue and brown lines show the polarization maintaining and sin-
gle mode fiber, respectively. The coincidences are measured in a Swabian time
tagger unit with a 512 ps detection window.
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FIGURE 6.9: Real and imaginary part of the reconstructed density matrix of a
|®~) Bell state after transmitting one of the photons (i.e. Bob’s Photon) over 100
km distance via fiber spool. Here, we use ITU channel pair C38-C31 for long-
distance transmission between two remote users. The observed raw fidelity and
concurrence are approximately 85.1% and 0.71, respectively.
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spools; b) C31 has a 50 km fiber spool, and C38 does not have any fiber spool;
c) C31 has a 100 km fiber (serial connection of two 50 km fiber spools), and C38
does not have any fiber spool. The measured insertion loss of the two 50-km-long
fiber spools is 13.5 dB and 13.7 dB, respectively. The measured results are listed
in TABLE 6.2. In all three cases, the fidelity is > 85%, and QBER is < 9% (below
the generally accepted 11% threshold for error-correction [154, 155]), which shows
that the high-quality entangled photon pairs can be transmitted to remote users

for communication and key distribution. Here QBER is estimated via the ratio of

Nwrong
Nwrong +Ncor7‘ect

wrong bits to the total number of bits ( , Where Nyrong is the sum of the
minima of two-photon interference in H-V and D-A basis, and Nyqreet is the sum of
the maxima of two-photon interference in H-V and D-A basis). The reconstructed
density matrix for the last case when Bob’s photon is transmitted over 100 km, and
Alice’s photon is detected just after the AWG channel C38 is shown in Fig. 6.9.

The above results highlight the quality of our source for long-distance multi-user

quantum communication.

6.5 Effect of polarization mode dispersion (PMD)

on entanglement distribution

PMD is a major reason for entanglement degradation in optical fiber-based quantum
communication [156]. When two orthogonal polarizations travel through the bire-
fringent medium, they travel at different speeds, resulting in differential delay /walk-
off, known as PMD. The PMD is a concern in optical fiber-based quantum networks
for entanglement distribution among remote users due to the introduction of distin-

guishability between the two polarization components in each photon leading to the
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TABLE 6.2: Measurement of coincidence rate, fidelity (F), concurrence (C), and
quantum bit error rate (QBER) in long-distance transmission of polarization en-
tangled photons via fiber spools. Three combinations of fiber spools in ITU
channel pair C38 (Alice) - C31 (Bob) are used for long-distance entanglement
transmission. For cases 2 and 3, when no fiber spool is used in channel C38, an
equivalent electronic delay is observed in the coincidence peak and accounted for.
Alice and Bob’s photons are detected using InGaAs APDs (ID qube NIR, quan-
tum efficiency (Q.E.) 20%, dead time 5 ps, and dark counts < 700 cps), and the
coincidence events are counted using Swabian time tagger X (coincidence window
512 ps).

S.N. Case Measured Estimated F C | QBER
coincidence/s | coincidence/s

with APD with SNSPD
(QE. = 20%) | (QE. = 95%)

1 | Alice: 50 km fiber 25 564 87.2% | 0.82 5%
Bob: 50 km fiber

2 Alice: no fiber 120 2707 86.8% | 0.79 | 6.4%
Bob: 50 km fiber

3 Alice: no fiber 18 406 85.1% | 0.71 9%

Bob: 100 km fiber

degradation of entanglement [156, 157, 158]. Single-mode fibers in the submarine ca-
ble environment or aerial exposure experience stress, sudden change in temperature,
or change in ambient condition, which induces birefringence, hence PMD, resulting
in the deterioration of the quality of the entangled state [159]. Thus, it is necessary
to comprehensively understand the effect of PMD on polarization entanglement for
effective quantum communication among distant users. Here, we study the change in
the concurrence (C) (a parameter to quantify entanglement) of the transmitted en-
tangled state if we use different-length single-mode or polarization-maintaining fibers
to transmit the photons of the two channels to a user pair (say, Alice and Bob). The
experimental setup used for this study is similar to Fig. 6.8. The SM fibers of the
spool have a PMD value of 0.1 ps/ vkm and chromatic dispersion of < 17.5 ps /nm.km
(according to the specification sheet). It is observed that if we use single-mode fibers
for the entanglement transmission, the concurrence of the entangled state does not

change by a huge amount even if we keep a single-mode fiber length difference of
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100 km between the two remote users (see Fig. 6.10(a)), which is also suggested by
the theory in the absence of any external environmentally introduced stresses [158].
Here the solid blue line corresponds to the case when we consider a PMD value of
0.1 ps/ vkm in single-mode fiber, and the dotted blue line corresponds to the case
when we consider a PMD value of 0.35 ps/vkm [160]. Our experimental result
agrees well with the theory. We note that a slight drop in concurrence with fiber
length could also have contributions from polarization-dependent-loss (PDL), chro-
matic dispersion, and wavelength-dependent-loss (although expected to be small),
and this probably requires a more detailed study on its own. Nonetheless, this sug-
gests that stable single-mode fibers, such as the submarine fibers, will not degrade
the entanglement significantly and will require very slow live adjustment, whereas
aerial fibers will require faster compensation systems for stability [4]. In order to
see the effect of high PMD on concurrence, we put polarization-maintaining fiber
patch cords of different lengths in channels C38 and C31 instead of single-mode fiber
spools, and it is observed that the concurrence drops significantly even with a very
small fiber length difference in the two channels (see Fig. 6.10(b)). The red dots
in Fig. 6.10(b) correspond to the experimental result, and the blue lines are the
theoretical results. The solid blue line pertains to the case when we consider a beat
length (L) of 5 mm (also claimed by the manufacturer) for differential group delay
(DGD) calculation in these polarization-maintaining fibers, and the dotted blue line
pertains to the case when we consider a beat length of 2.5 mm. Our experimen-
tal values slightly deviate from the solid blue line (theoretical curve) but agree well
with the dotted blue line (theoretical curve). This study suggests that an increase in
PMD deteriorates the entanglement quality rapidly, and single-mode fibers encased
in stable cables are an excellent media to safely transfer the polarization entangle-
ment to remote users for communication or key distribution in a quantum network.

The theoretical curves shown in Fig. 6.10(a) and 6.10(b) are obtained through the
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1 (1o — 1)?B%B?
C(Tay ) = exp(—§ B+ B? ) (6.4)

where 7, is the DGD in Alice and Bob’s path, respectively, and B, is their re-
spective filter’s bandwidth. For single-mode fiber DGD (7,) is calculated using (0.1
ps/vkm) x v/L and (0.35 ps/vkm) x /L where L is the fiber length in km; and
for the polarization-maintaining fiber, DGD is calculated using %, where L is the
fiber length, X is the wavelength propagating through the fiber, ¢ is the speed of
light, and L, is the beat length. The experimental data of Fig. 6.10(a) is obtained
from the QST measurement and the experimental data of Fig. 6.10(b) is estimated
from the two-photon interference fringes of the H-V and D-A basis (as discussed in

Chapter 1) due to experimental difficulty of QST measurement for each data point.
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FIGURE 6.10: Variation of concurrence with (a) single-mode (SM) fiber length
difference (PMD) in two channels (C38, C31) (b) polarization-maintaining (PM)
fiber length difference (PMD) in two channels (C38, C31). The solid and dotted
blue lines are the theoretical estimates, and the red dots are the experimental
values.

6.6 Conclusion

We have characterized a fully fiber-integrated multi-user source of polarization-

entangled photon pairs in the telecom C-band. The source is based on type-0 SPDC
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in a fiber-pigtailed Zn-indiffused MgO:PPLN ridge waveguide in Sagnac configu-
ration, and it can be easily tuned with the help of a fiber-polarization controller
to generate either |®T) or |®~) Bell state. We generate 14 independent bipartite
polarization-entangled states simultaneously through the demultiplexing of the emis-
sion spectrum with a telecom DWDM AWG. The entanglement is analyzed in all
14 ITU channel pairs (C37-C32 to C50-C19) for both |®*) and |®~) Bell states,
and the observed raw fidelity > 90% for |®~) Bell state and 2 89% for |®*) Bell
state. The raw concurrence for both the Bell states (|®~) and |®7)) is 2 0.8 (in
all channel pairs), and the maximum values are ~ 0.88 and ~ 0.91 respectively,
pertaining to channel pair C38-C31. The observed S-parameter (> 2.56 + 0.04) vi-
olates the CHSH-Bell’s inequality in all the channel pairs for both the Bell states.
We test the source’s quality by demonstrating entanglement distribution up to 100
km using single-mode fiber spools in channel pair C38-C31. The high fidelity (>
85%) and low QBER (< 9%) values suggest that the source can potentially be used
for long-distance multi-user communication and secure key distribution. The PMD
study suggests that polarization-maintaining fibers degrade the entanglement much
quicker than the single-mode fibers. This indicates that the single-mode fibers in
the shielded cables are the best optical media for entanglement distribution among
distant users in a quantum communication network. Here, we have shown only
14 independent channel pairs of entangled photons, but more channels (up to ~
40 channel pairs with 100-GHz spacing) can be exploited since a large part of the
photon emission spectrum is still not utilized. Our fiber-coupled source can be a
potential candidate for long-distance transmission of entangled photons, multi-user
communication, and secure key distribution over a metropolitan-scale quantum net-

work.
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Chapter 7

Conclusions and future directions

7.1 Conclusions

Telecom photons are essential for fiber-based long-distance quantum communication,
where they benefit from terrestrial and submarine fiber networks. Adequate sources
of these telecom photons have been reported in the literature, but they all either
require a lot of optical alignment and/or are not so efficient and easy to deploy. The
optical fiber-based remote quantum communication requires efficient, compact, and
easily deployable sources of polarization-entangled telecom photons, which are free of
any optical alignment. In this regard, a fiber-integrated SPDC source stands out as
a potential candidate that requires very little optimization to harness its maximum
efficiency and is very easy to implement and deploy in the optical fiber network.
These fully guided-wave sources have not been fully explored and investigated for
many quantum applications. Therefore, this thesis aimed to explore fiber-integrated
and/or compact sources of spectrally pure, spectrally correlated, and polarization-
entangled photons at telecom wavelength in PPLN waveguides via SPDC. PPLN

stands out as the best candidate for telecom photon pair generation owing to its
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wide transparency window (350 nm - 5000 nm) [115], easy dispersion engineering,
and high nonlinear strength (d3; = 4.85 pm/V, ds3 = 25.3 pm/V) [115] (which

results in large photon flux that is desired for long-distance communication).

In this thesis, we show the generation of two types of quantum state, spectrally
pure biphoton state (Chapter 2, theoretical) and spectrally correlated/polarization-
entangled biphoton state (Chapter 4 - Chapter 6, experimental) at telecom wave-

length. Chapter 3 shows the characterization of PPLN through SHG.

We start with the description of two metrics, i.e., JSI and Schmidt decomposition,
which are a measure of the spectral correlation of photon pairs in SPDC. We then
present a comprehensible derivation of analytical formulae that can be used to find
the Schmidt mode coefficients (\,) for spectral correlation measurement. The an-
alytical expression is validated against a set of two published results [89, 91], and
it satisfies all the required conditions of Schmidt decomposition and can be easily
used to find the spectral correlation between photon pairs generated in any SPDC
process. The proposed analysis gives more clarity and details than the existing for-
mulation. We then propose an experimentally feasible LNOI ridge waveguide design
to generate spectrally pure telecom photons at 1560 nm utilizing type-II SPDC. The
estimated spectral purity of our source is ~ 90% from the exact numerical solution.
The extensive study of the effects of pump bandwidth and waveguide length on spec-
tral purity through both analytical and numerical solutions suggests that analytical
expression slightly overestimates the spectral purity (due to side-lobe negligence of
sinc function in PMF) and the two methods will converge if the effects of side-lobes
of PMF is minimized. The spectral purity can be enhanced in practice by suppress-
ing the side-lobes through an appropriately apodized QPM poling pattern, resulting
in a Gaussian-shaped PMF [104] or by filtering the output biphoton state. We also

check the effect of scattering losses (due to sidewall roughness) on spectral purity in
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the LNOI ridge waveguide, and the results indicate the robustness of our proposed
waveguide structure. The proposed on-chip source design generates spectrally pure
photons, and it can be used as a heralded pure single-photon source for various
quantum applications such as multi-port quantum interferometer-based computing,
quantum simulation, and metrology [40, 79, 50, 80, 41]. If we pump the waveg-
uide in a Sagnac configuration or employ a post-selection scheme in a single-pass
configuration, the source can also generate photon pairs with simultaneous spectral
purity and polarization-entanglement, which is desired for various photonic quantum

computing and communication schemes [41, 109, 36, 110].

Next, we characterize a Zn-indiffused MgO:PPLN ridge waveguide (cross-section 10-
pmx 10-pm) through numerical mode analysis and SHG. The waveguide has a single-
mode operation at 1550 nm and multi-mode at 775 nm; the fundamental modes are
near circular and well confined (mode overlap ~ 70.9%). We demonstrate the SHG
in two Zn-indiffused MgO:PPLN waveguides, and the results show that one waveg-
uide has a phase-matching temperature of ~ 41°C and SHG conversion efficiency of
~ 30%/W, and another waveguide has a phase-matching temperature of 36.5°C and
SHG conversion efficiency of ~ 40.4%/W. The temperature of the waveguide plays
a crucial role in the phase-matching process, and its maximum efficiency can be
harnessed only at phase-matching temperature. These efficient waveguides can be
used in frequency doubled-lasers, harmonic generation for tissue imaging, ultra-short
pulse characterization, and quantum light sources. After the SHG characterization,
we use this fiber-coupled waveguide (phase-matching temp ~ 41°C) in a completely
fiber-integrated setup for the experimental broadband generation of spectrally and
temporally correlated photon pairs at telecom wavelength via SPDC. We demon-
strate a broadband emission of spectrally correlated photons (characterized through

JSI) near 1550 nm with FWHM bandwidth ~ 46 nm. The generated photon spans
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the telecom S-, C-, and L-bands, and the estimated spectral brightness of our source
is ~ 2.5x107 pairs/s/mW /nm. A CAR value > 650 suggests a very high tempo-
ral correlation between the photon pairs and highlights the source’s quality. The
proposed fiber-integrated source can be used in quantum metrology, WDM-based
multi-user QKD, and information processing applications over existing fiber-optic

networks.

We then used these telecom photons’ polarization degree of freedom to our advantage
to generate a polarization-entangled Bell state (|®*)). We pump the type-0 phase-
matched Zn-indiffused MgO:PPLN ridge waveguide (phase-matching temp 36.5°C)
in the Sagnac configuration to generate the broadband polarization-entangled pho-
ton pairs at telecom wavelength. The emission spectrum of the source is centered
at 1550 nm with FWHM ~ 52 nm, and it has an estimated spectral brightness
of ~ 2x10% pairs/s/mW/nm and CAR > 1000. We experimentally demonstrate
the generation of broadband polarization entanglement through this fiber-coupled
source where the entangled photon pairs span the telecom C- and L-bands. The
polarization-entangled state has a raw fidelity of > 89%, concurrence of ~ 0.83,
and fringe visibility of > 88% and >86 % in H-V and D-A basis, respectively.
The generated broadband entangled state violates the CHSH-Bell’s inequality by 29
standard deviations (S = 2.49 4+ 0.017). This is the best-reported combination of
fidelity, brightness, and bandwidth to date for a fiber-integrated source character-
ized using standard room temperature APD detectors, to the best of our knowledge
[131, 133, 134, 151, 138, 139]. The results indicate that this simple fiber-integrated
bright source mainly generates polarization-entangled photons over the entire broad-
band spectrum, and it can be directly used in a WDM-based QKD network by
demultiplexing the spectral width, long-distance optical-fiber-based quantum com-

munication, and in the investigation of the fundamental aspects of quantum optics.
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Finally, we explored this fiber-integrated source for multi-user quantum communi-
cation applications. We experimentally demonstrate and characterize a fully fiber-
integrated multi-user source of polarization-entangled photon pairs in the low-loss
telecom C-band. We make use of an SPDC process in type-0 phase-matched and
fiber-pigtailed Zn-indiffused MgO:PPLN ridge waveguide in Sagnac configuration to
generate the polarization entanglement in multiple channels of the ITU grid. The
source generates 14 independent bipartite polarization-entangled Bell states (|®7)
or |®7)) simultaneously through the demultiplexing of the emission spectrum with a
telecom DWDM AWG (100 GHz spacing), and the output state can be easily flipped
from |®*) to |®~) or vice-versa with the help of a fiber-polarization controller. We
analyze the entanglement in 14 channel pairs of the I'TU-grid (C37-C32 to C50-C19)
through various entanglement witness parameters (for both Bell states). The ob-
served raw fidelity > 90% for |®~) Bell state and 2 89% for |®*) Bell state in all
channel pairs. The raw concurrence for both the Bell states (|®7) and |®7)) is >
0.8 (in all channel pairs), and the observed S-parameter (> 2.56 £ 0.04) violates
the CHSH-Bell’s inequality by more than 14 standard deviations. The source’s suit-
ability for long-distance entanglement transmission is demonstrated by successfully
transferring the entangled photons up to a distance of 100 km via single-mode fiber
spools. The high fidelity (> 85%) and low QBER (< 9%) values suggest that the
source can potentially be used for long-distance multi-user quantum communication
and secure key distribution. We note that PMD degrades the entanglement quality
very rapidly, and single-mode fiber is the best optical media for entanglement distri-
bution among distant users in a quantum communication network. Though we have
shown only 14 independent channel pairs of entangled photons in this multi-user
source (which can further be multiplexed to create a complete network [46, 47]),
more channels (up to ~ 40 channel pairs with 100-GHz spacing) can be exploited

for quantum communication since a large part of the photon emission spectrum is
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still not utilized. Our proposed fiber-coupled source can be a potential candidate
for long-distance entanglement transmission, multi-user communication, and secure

key distribution over a metropolitan-scale fiber-optic network.

Therefore, this thesis investigated PPLN-waveguide based telecom sources of spec-
trally pure, spectrally and temporally correlated, and polarization-entangled pho-
tons. We have explored completely fiber-integrated PPLN-waveguide based entangled-
photon sources, which can be used for multi-user QKD and communication over
metropolitan-scale fiber optic networks. The proposed and prototype sources can
be easily deployed in the existing optical fiber infrastructure, and they could poten-

tially boost the scaling of the quantum communication and information network.

7.2 Future directions

7.2.1 Field demonstration of the source for entanglement

distribution to distant users

The source’s compatibility and potential for entanglement distribution to real users
over the existing fiber networks can be tested by performing a field demonstration
of the source. The source can studied in two different scenarios (see Fig. 7.1)
by transferring the photons through the deployed optical fiber within the Indian
Institute of Technology Delhi (IITD) campus. Figure 7.1(a) shows the first scenario
where we exploit one channel pair (say C38-C31) of the multi-user source such that
we keep the source in the lab (Department of Physics, red circle in Fig. 7.1(a))
and send only the photons of channel C31 through the deployed dark optical fiber

to JNU gate of IITD campus and then direct the photons back to the lab through
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another dark fiber (from JNU gate to the lab). In this scenario, both photons can

be detected in the lab, and entanglement can be characterized.

FiGUure 7.1: Field demonstration of the source for entanglement distribution to
distant users through the deployed dark fibers in II'T Delhi campus. The photons
are detected in two different scenarios: (a) in the lab and (b) at two different
places outside the lab.

In the second scenario (see Fig. 7.1(b)), we can keep the source in the lab and
send the photons of both channels (C38 and C31) to two different places (in this
case, JNU gate and Hostel gate of IITD Campus) through the deployed dark fibers.
Here, photons are detected at two different places (i.e. JNU gate and Hostel gate),
so their time tags can be recorded in two separate coincidence counter devices,
which are synchronized through a master clock. The time tags can be analyzed,

and coincidence events between two photons can be counted in this fashion. We
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can measure the entanglement by projecting the photons in different polarization
bases, and we can see the realistic potential of the source for multi-user QKD over

the existing fiber network.

7.2.2 A quantum network of user pairs

The proposed multi-user source can enhance the scalability or connectivity of the
quantum communication network by exploiting more channel pairs. As mentioned
earlier, the complete spectrum of polarization-entangled photons is not utilized by
our 32-channel AWG (see Fig. 6.4). We can utilize the complete spectrum of the
PPLN waveguide by de-multiplexing it with an 80-channel dense WDM /AWG with
100 GHz (~ 0.8 nm) channel spacing (see Fig. 7.2(a)). Here, the vertical red lines
represent the channel position on the emission spectrum. Figure 7.2(b) shows the
wavelengths of these 80 I'TU channels, where the 1st channel has a wavelength of
1518.917 nm and the 80th channel has 1580.518 nm. These 80 channels constitute 40
pairs, where each pair shares a polarization-entangled state. For example, channels
1549.318 nm and 1550.117 nm will form one pair, and their photons are entangled in
polarization. Similarly, channels 1518.917 nm and 1580.518 nm are entangled, and
thus, the source’s whole spectrum can be utilized by 40 user pairs (with a two-party
communication scheme), say Alice 1 - Bob 1 to Alice 40 - Bob 40 (see Fig. 7.2(c)).
These channel pairs can be further multiplexed with the schemes of Ref. [46, 47] or
with a novel approach to interconnect the user pair to create a complete quantum
communication network. The coincidence rate of each channel pair can also be
enhanced by using SNSPD detectors and low-loss fiber optical components. Since
we have already shown that entanglement can be transmitted to a distance of 100
km, the proposed work can be extended to create a citywide quantum communication

network for practical users like banking, hospitals, financial companies, etc.
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FIGURE 7.2: (a) 80 channels allocated on the emission spectrum with 100 GHz
channel spacing. Pink dots represent the experimental data point, and the solid
blue line is the theoretical sinc? function. The vertical red lines represent the
channels. (b) Wavelengths of 80 ITU channels. (¢) Schematic of 40 different user
pairs performing quantum communication with unique/independent polarization-
entangled states.

7.2.3 Multi-user source of hyper-entangled photon pairs

Hyper-entanglement adds another layer of security because now the photons are
simultaneously entangled in two degrees of freedom. If, due to decoherence, the en-
tanglement of photons in one degree of freedom washes away, then the entanglement
of another degree of freedom can still be used. From our proposed fully guided wave
schemes, completely fiber-integrated hyper-entangled or hybrid-entangled multi-user
sources can also be explored. Along with polarization, the photons can also be en-
tangled in another degree of freedom, like energy-time or time-bin, to get a hyper-
entangled state in the output. For example, our presented multi-user source can be

used to generate a hyper-entangled state (polarization and energy-time) by passing
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the polarization-entangled photons further through the Franson interferometer to
create an energy-time entanglement [22, 23, 151]. The fiber-integrated approach
can also be explored to implement a hybrid-entangled source, where the photon is

entangled in, say, path and polarization [28].

7.2.4 On-chip integrated source

On-chip integrated photonics is a fast-growing field where components such as waveg-
uides, modulators, detectors, and lasers can be integrated into a single chip, and
these systems can manipulate and transmit optical signals very efficiently. Their
compatibility with existing electronic circuits allows seamless integration, which can
enhance the overall performance of computing systems. The proposed work can also
be extended into an on-chip integrated photonics for a compact and miniaturized
quantum source, which can be easily mass-manufactured and deployed outside of a

laboratory.




Appendix A

Appendix: Characterization of

fiber-optical components

In this section, we show the characterization of fiber optical components that were
used in the experiments. We measure these passive optical components’ insertion
loss, bandwidth, and transmission profile, which is essential for understanding the

expected change in the detected photon counts and their effect on the output results.

A.1 Characterization of WDM 775/1550nm

A wavelength division multiplexer (WDM) is a passive fiber-optical device that is
used in optical communication. It can multiplex multiple wavelengths into one
optical channel, and in the reverse direction, it can be used as a de-multiplexer.
The WDM 775/1550 (FONTCANADA: FWDM-7815-FA-Y) is a 1x2 port config-
ured bench top box packaged device to combine/split 780+50 nm and 1550480 nm

wavelengths. One port is known as the common port in which all these wavelengths
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can propagate, and the other two ports are the 775-nm port and 1550-nm port. The
775-nm port allows 780+50 nm wavelength to propagate through it, and the 1550-
nm port allows only 1550480 nm to propagate. All three ports have single-mode
fibers with FC/APC connectors, and the device’s operating temperature is -20°C to
60°C. The insertion loss of wavelength 775 nm and 1550 nm are ~3 dB and ~ 20
dB, respectively, in the 775-nm port, whereas ~ 17 dB and ~ 0.5 dB, respectively,

in the 1550-nm port (as specified by the manufacturer).
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FIGURE A.1: (a) Experimental setup to measure the transmission profile, band-
width, and insertion loss of the 1550-nm port of WDM 775/1550. (b) Transmission
profile of 1550-nm port of WDM 775/1550 i.e., measured output power (at con-
stant input power 15 mW) versus input wavelength.

Figure A.1(a) shows the experimental setup to measure the transmission profile,
insertion loss, and bandwidth of the 1550-nm port of the WDM 775/1550 for telecom
wavelengths. We connect the common port of WDM to a C-L band tunable laser
(EXFO, T100S-HP-CL), which operates at constant power (15 mW), and the 1550-
nm port to a photodiode and a power meter (Thorlabs). We tune the C-L band

tunable laser to change the input wavelength of the WDM and record the output
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TABLE A.1: Insertion loss of WDM at different telecom wavelengths. The inser-

tion loss is calculated using 10 x loglo(%).

Wavelength (nm) | Insertion loss (dB) | Wavelength (nm) | Insertion loss (dB)
1500 -1.495 1556 -1.378
1502 -1.467 1558 -1.386
1504 -1.434 1560 -1.339
1506 -1.3946 1562 -1.394
1508 -1.418 1564 -1.343
1510 -1.426 1566 -1.354
1512 -1.386 1568 -1.378
1514 -1.358 1570 -1.319
1516 -1.378 1572 -1.358
1518 -1.378 1574 -1.362
1520 -1.319 1576 -1.327
1522 -1.323 1578 -1.323
1524 -1.382 1580 -1.378
1526 -1.358 1582 -1.362
1528 -1.358 1584 -1.335
1530 -1.418 1586 -1.374
1532 -1.362 1588 -1.426
1534 -1.406 1590 -1.434
1536 -1.390 1592 -1.410
1538 -1.382 1594 -1.374
1540 -1.406 1596 -1.402
1542 -1.366 1598 -1.414
1544 -1.406 1600 -1.446
1546 -1.374 1602 -1.434
1548 -1.414 1604 -1.450
1550 -1.370 1606 -1.434
1552 -1.402 1608 -1.434
1554 -1.370 1610 -1.467

power of the 1550-nm port. The transmission profile is shown in Fig. A.1(b) and
TABLE A.1 indicates that the insertion loss has a negligible dependency on the
telecom wavelength, and the WDM can easily pass 1500 nm to 1620 nm wavelengths.
We measure an insertion loss of ~ 1.37 dB in the 1550-nm port of WDM at 1550

ni.
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A.2 Characterization of C-L band digital tunable

filter

A digital tunable filter is an active optical device i.e. it requires an external power
supply to operate, though this does not amplify or modify the signal. This device is
used in optical telecommunication to filter out the selected wavelength from a band

(i.e. it allows only the selected wavelength to pass through it and rejects the other

wavelengths).
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FIGURE A.2: (a) Experimental setup to characterize the digital tunable filter
insertion loss at different wavelengths. (b) Insertion loss versus pump wavelength.

The C and L band digital tunable filters (OZ Optics: TF-100-3A3A-1520/1570-
9/125-S-60-1.2 and TF-100-3A3A-1570/1620-9/125-S-60-1.2) are 1x1 port-configured

packaged devices that can be tuned to filter the required wavelength from a band.
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TABLE A.2: Insertion loss of C-L band digital tunable filters at different telecom

wavelengths. The insertion loss is calculated using 10 x logio(

P,

Wavelength (nm) | Insertion loss (dB) | Wavelength (nm) | Insertion loss (dB)
1520 -2.769 1572 -2.732
1522 -2.731 1574 -2.931
1524 -2.608 1576 -2.758
1526 -2.589 1578 -2.676
1528 -2.541 1580 -2.748
1530 -2.482 1582 -2.479
1532 -2.461 1584 -2.408
1534 -2.395 1586 -2.442
1536 -2.357 1588 -2.314
1538 -2.271 1590 -2.261
1540 -2.258 1592 -2.263
1542 -2.214 1594 -2.168
1544 -2.127 1596 -2.091
1546 -2.084 1598 -2.014
1548 -2.073 1600 -2.031
1550 -2.015 1602 -1.935
1552 -1.978 1604 -1.877
1554 -1.915 1606 -1.810
1556 -1.867 1608 -1.777
1558 -1.846 1610 -1.723
1560 -1.839 1612 -1.686
1562 -1.778 1614 -1.627
1564 -1.718 1616 -1.570
1566 -1.738 1618 -1.568
1568 -1.718 1620 -1.510
1570 -1.718

The C-band digital tunable filter has a tuning range of 1520-1570 nm, and the L-

band digital tunable filter has a tuning range of 1570-1620 nm. The filter has a

full-width half-maximum bandwidth (FWHM) of ~ 1-1.2 nm, and the specified in-

sertion loss is less than 3 dB. We characterize the digital tunable filter by measuring

its insertion loss profile and maximum insertion loss at different C-L band telecom

wavelengths.

The experimental setup to measure the insertion loss of the digital tunable filter is
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shown in Fig. A.2(a). We connect the input of the tunable filter to a C-L band
tunable laser via a single mode (SM) 1550 fiber and the output to a photodiode and
power meter via another SM 1550 fiber. For the transmission profile characterization,
we set the laser at one particular wavelength and then tune the filter wavelength
around that set wavelength, and we find that the filter has a Gaussian transmission
profile with ~ 1-1.2 nm FWHM bandwidth (result not shown here). To measure
the insertion loss at different wavelengths (see Fig. A.2(b)), we operate the laser
at constant power, set the filter at exactly the same wavelength as the laser, and
record the power in the power meter. We then simultaneously tune the laser and
filter wavelength to find the insertion loss at different wavelengths. It is evident from
Fig. A.2(b) and TABLE A.2 that the insertion loss of digital tunable filter depends

on wavelength and higher wavelengths of both tunable filters have a lower loss.

A.3 Characterization of C-L band splitter

The C-L band splitter (Lightel Technologies USA: Model number 500-48947-02-1)
is a 1x2 port configured rugged packaged passive device to split the C-L telecom
band into two parts such that the C-band goes in one port and the L-band goes
into another port. All three ports of the C-L band splitter have single-mode fibers
of 1-meter length with FC/APC connectors. According to the manufacturer, the
C-band port (arm) has a wavelength range of ~ 1500 nm - 1550 nm, and the L-
band port (arm) ~ 1550 nm - 1620 nm. In the reverse direction, this acts as a C-L
band combiner. Fig. A.3(a) shows the experimental setup to characterize the C-L
band splitter. We connect the common port of the C-L band splitter to a C-L band
tunable laser and the output port to a photodiode and power meter. We vary the

wavelength of the tunable laser (by keeping the laser power constant) and record the
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output power of the C and L-arm. The observed transmission profile and insertion
loss at different telecom wavelengths are shown in Fig. A.3(b) and TABLE A.3,
respectively. The C-L band splitter splits at 1550 nm, and both C- and L-band

ports have an insertion loss of < 1 dB.
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FIGURE A.3: (a) Setup for insertion loss measurement of C-L band splitter (Ligh-
tel, USA). (b) Transmission profile and insertion loss at different wavelengths.

A.4 Characterization of inline long-pass filter

Inline long pass fixed filter (OZ Optics: FF-21-1518:1650-9/125-S-50-3A3A-1-1-
LP/REJ775) is a miniature package optimized to achieve high transmission for 1518
nm - 1650 nm. It is a passive optical device that is pigtailed on both sides with
a single-mode fiber of 1 m length and terminated with FC/APC connectors. The
device has a long pass filter installed to reject the lower wavelengths. The experi-
mental setup to measure the insertion loss of the long pass filter at different telecom

wavelengths is shown in Fig. A.4(a). The input side of the filter is connected to a
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TABLE A.3:

Pout

The insertion loss is calculated using 10 x logio(554).

Pin

Insertion loss of C-L band splitter at different telecom wavelengths.

C-arm/band response L-arm/band response
Wavelength (nm) | Insertion loss (dB) | Wavelength (nm) | Insertion loss (dB)

1512.03 -0.297 1545.78 -21.718
1514.05 -0.261 1547.7 -18.239
1516.03 -0.270 1548.5 -12.810
1518.07 -0.270 1549 -11.075
1519.99 -0.279 1549.5 -11.187
1521.97 -0.287 1550 -6.088
1523.95 -0.270 1550.5 -1.452
1525.94 -0.272 1551 -0.385
1527.92 -0.280 1551.5 -0.171
1529.89 -0.282 1552 -0.119
1531.88 -0.289 1552.5 -0.102
1533.87 -0.299 1553 -0.110
1535.85 -0.282 1553.73 -0.110
1537.84 -0.280 1555.71 -0.101
1539.82 -0.289 1557.71 -0.109
1541.8 -0.297 1559.69 -0.109
1543.79 -0.306 1561.68 -0.109
1545.78 -0.324 1563.68 -0.100
1547.7 -0.350 1565.66 -0.101
1548.5 -0.518 1567.65 -0.101
1549 -0.644 1569.64 -0.093
1549.5 -0.635 1571.64 -0.093
1550 -1.587 1573.64 -0.101
1550.5 -6.131 1575.62 -0.102
1551 -12.489 1577.62 -0.093
1551.5 -18.477 1579.61 -0.111
1552 -23.892 1581.61 -0.102
1552.5 -28.801 1583.6 -0.095
1553 -34.068 1585.6 -0.095
1587.59 -0.104

1589.58 -0.104

1591.59 -0.104

1593.58 -0.104

1595.58 -0.104

1597.57 -0.104

1599.62 -0.104

1601.58 -0.104

1603.57 -0.113

1605.57 -0.104

1607.58 -0.113

1609.58 -0.129
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FIGURE A.4: (a) Experimental setup to measure the insertion loss of inline long
pass fixed filter. (b) Insertion losses at different telecom wavelengths.

telecom band tunable laser, and the output is connected to a photodiode and power
meter. We varied the wavelength of the laser from 1510 to 1610 nm and measured
the insertion loss (see Fig. A.4(b)). We find that the filter has an insertion loss of
< 0.5 dB within 1518 nm - 1610 nm. To measure the insertion loss of the long-pass
filter at 775 nm, we replace the C-L band tunable laser with a tunable laser at 775

nm. We measure a high insertion loss of > 74 dB at 775 nm.

All these fiber optical components were first characterized by classical light at the
telecom wavelength, and then they were used in the experiments discussed in this

thesis.
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TABLE A.4: Insertion loss of inline long-pass filter at different telecom wave-

P

lengths. The insertion loss is calculated using 10 X loglo(—f:f

P;

).

Wavelength (nm) | Insertion loss (dB) | Wavelength (nm) | Insertion loss (dB)
1512.04 -0.469 1563.68 -0.304
1514.05 -0.386 1565.67 -0.322
1516.04 -0.358 1567.66 -0.295
1518.01 -0.331 1569.65 -0.322
1519.99 -0.331 1571.64 -0.304
1521.97 -0.322 1573.64 -0.304
1523.96 -0.340 1575.63 -0.313
1525.94 -0.358 1577.62 -0.286
1527.92 -0.340 1579.62 -0.313
1529.89 -0.349 1581.62 -0.295
1531.88 -0.322 1583.6 -0.313
1533.87 -0.313 1585.6 -0.304
1535.85 -0.313 1587.59 -0.313
1537.84 -0.295 1589.58 -0.340
1539.82 -0.304 1591.59 -0.313
1541.8 -0.295 1593.58 -0.331
1543.79 -0.295 1595.59 -0.313
1545.78 -0.304 1597.58 -0.322
1547.76 -0.295 1599.58 -0.313
1549.75 -0.304 1601.58 -0.322
1551.74 -0.304 1603.57 -0.331
1553.73 -0.304 1605.61 -0.349
1555.72 -0.322 1607.58 -0.349
1557.71 -0.304 1609.57 -0.340
1559.69 -0.322 1611.65 -0.377
1561.68 -0.322
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A.5 Specs of other optical components and detec-

tors

A.5.1 Variable optical attenuator

We have used OZ optics (BB-700-11-780-5/125-S-50-3A3A-1-1-LL) and Thorlabs
(VOAT80-APC) variable optical attenuator (VOA) in the experiments. These at-
tenuators work at 775 nm, e.g., The BB-700-11-780-5/125-S-50-3A3A-1-1-LL has an
operating range of 760 to 800 nm and an attenuation range of 0.8 to 65 dB; the
VOAT80-APC has an operating wavelength range of 760 to 800 nm and an attenua-
tion range of 2.1 to 50 dB. VOA is a bidirectional device with a 1-m long single-mode
fiber pigtail on each side. Each attenuator has a lens to collimate the light from
the input fiber, a blocking device (which can be manually adjusted by a screw), and
then a second lens, which is used to couple the light into the output fiber. The
blocking device can be moved up and down through the screw to block/unblock the
light from the collimating lens to the coupling lens. Thus, the coupling efficiency is
changed until the desired attenuation is obtained. By manually adjusting the screw,

we can get the desired attenuation.

A.5.2 Detectors and coincidence counters

In our experiments, we have used single-photon avalanche photodetectors (APDs)
from two manufacturers, Aurea Technology and ID Quantique in free-running mode.

The specifications of both detectors are listed below.

Aurea Technology: Model Number- SPD_OEM_ NIR
(Serial number: SN_ 20030254030 and SN_ 20060254030)
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Detection wavelengths 900 — 1700 nm
Detection efficiencies/Q.E. at 1550 nm 10%, 20%, 30%
Dead time 10%Q.E. : 5 — 1000 ps
Dead time 20%Q.E. : 15 — 1000 ps
Dead time 30%Q.E. : 20 — 1000 pis
Dark counts < 1000¢cps@10%Q.E. & 5 ps dead time
Timimg jitter < 200 ps@20%Q.E.

The absolute maximum detector input optical power is —65dBm CW i.e. the input
power of the optical signal must not exceed —65dBm because higher power may

cause permanent damage on the APD.

ID Quantique: Model Number- ID Qube-NIR-FR-MMF-LN

(Serial number: 2314006X010 and 2149040X010)
Detection wavelengths 900 — 1700 nm

Detection efficiencies/Q.E. @ 1550 nm 10%, 15%, 20%, 25%, 30%, 35%

Dead time 100ns — 80ps in steps of 100 ns
Dark counts @ 50 ps dead time 170cps@10%Q.E.
Dark counts @ 50 ps dead time 290 cps@15%Q.E.
Dark counts @ 50 ps dead time 510 cps@20%Q.E.
Dark counts @ 50 ps dead time 710 cps@25%Q.E.
Dark counts @ 50 ps dead time 1070 cps@30%Q.E.
Dark counts @ 50 ps dead time 1810 cps@35%Q.E.
Dark counts < 700cps@20%Q.E. & 5 ps dead time
Timimg jitter < 200 ps@20%Q.E.

Both detectors generate the TTL pulse signal of 5V in the output, which can be
further attenuated or inverted to match the compatibility of the time tagging or

coincidence counter device.
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We have used two time-tagging devices for coincidence measurement, which are dis-
cussed below.

PicoQuant: Model Number- PicoHarp 300

PicoHarp 300 TCSPC module has two independent channels with 4-ps temporal
resolution suited for one sync and one detector or two detectors. It can perform
histogramming with 65535 time-bins and 16-bit depth. The time-bin-width of Pi-
coHarp 300 can be varied in 2" ps, where n > 2 (i.e. One can fix the coincidence
window at 4, 8, 16, 32, 64, 128, 256, and 512 ps). The input pulse of PicoHarp 300
should be inverted, and the voltage level should be < 1 V. So, we first attenuate the
TTL pulse of detectors with a SIA400 attenuator/inverter (20 dB attenuation) and

then feed this signal through SMA signal cable to PicoHarp 300.

Swabian Instruments: Model Number- Time Tagger X

Time tagger X has a 2-ps time resolution, and it can process 4 to 18 input channels,
where each input signal must be -1.5 V to 1.5 V or a maximum of -3 V to 3 V. Here
also, we first attenuate the TTL pulse of detectors with a STA400 attenuator/inverter
(20 dB attenuation) and then feed this signal through SMA signal cable to Time

tagger X.

A.6 Sellmeier equations
The Sellmeier equation used in this thesis for 5% MgO doped lithium niobate is
given as [103]

as + bgf a4 + b4f
- (CLS + bgf)2 A2 — a%

7L2 = ay + blf + )\2 — CLG/\2 (Al)
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gooe

f is a function of temperature (f = (T — 24.5)(T + 24.5 + 2 x 273.16), T is the
temperature in °C). The coefficients a and b for the extraordinary ray refractive

index (n.) and the ordinary ray refractive index (n,) are listed below.

Ne N
ay; = 5.756 a; = 5.653
ag = 0.0983 ag = 0.1185
as = 0.202 az = 0.2091
ay = 189.32 ay = 89.61
as = 12.52 as = 10.85

ag=132x10"2 ag=1.97x 102
by =286 x 1070 b =7.94x107"
by =4.7x10"% by =313 x 1078
by =6.11 x 1078 by = —4.64 x 107?
by =152x107* by = —2.19 x 1076

The Sellmeier equation used in this thesis for SiO, is given as [102]

0.6961663\? 0.4079426 12 0.8974794)\2

2
=1
T T T (0.0684043)2 T N~ (0.1162414)2 T A% — (9.806161)2

(A.2)

where n is the refractive index and A is the wavelength.
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