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Here, we demonstrate the generation and manipulation of hyperentanglement in polarization and
time-energy degrees of freedom. The hyperentangled photon pairs are generated by cascaded second-
harmonic generation and spontaneous parametric down-conversion processes in a high-efficiency period-
ically poled lithium niobate (PPLN) waveguide in a fiber Sagnac loop. The states achieve the maximum
value of Clauser-Horne-Shimony-Holt Bell inequality of S = 2.76 & 0.03 with two-photon interference
visibility of higher than 99% for polarization entanglement and the Franson-type two-photon interference
visibility of 98.5% for time-energy entanglement. In addition, the polarization maximally entangled states
can be fast switched to each other by using a PPLN on insulator chip through the electro-optic effect. After
the entanglement manipulation, the two-photon interference visibility for polarization entanglement is
still higher than 97% while keeping the quantum characteristics of time-energy degrees of freedom main-
tained. Our system paves a way toward reducing the complexity of quantum systems and has potential
applications in many quantum-information tasks like fast superdense coding and teleportation.
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I. INTRODUCTION

As the paradigmatic quantum-mechanical resource,
quantum entanglement has become the key ingredient
in the rapidly expanding field of quantum-information
science [1]. Hyperentanglement in multiple degrees of
freedom (DOFs) can encode more qubits per transmitted
photon [2] and significantly increases channel capacity [3],
promising in many quantum-information applications such
as entanglement distillation [4], quantum dense coding
[5,6], and superdense teleportation [7,8]. For a photonic
system, quantum entanglement can be encoded in var-
ious DOFs, such as polarization [9], time energy [10],
path [11], and orbital angular momentum [12]. Among
these DOFs of photons, polarization and time energy
are most commonly used in long-distance fiber-based
quantum tasks. Time-energy entanglement shows intrin-
sic robustness for propagation through long-distance fiber
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[10], while polarization-entangled states have been wildly
used in quantum-information tasks, such as quantum key
distribution (QKD) [13], quantum teleportation [14,15],
dense coding [5,6], and quantum computation [16]. Hyper-
entanglement in these two DOFs has great potential for
long-distance quantum-information applications.
Nowadays, constructing practical quantum networks
has become a hot topic, among which polarization and
time-energy entangled sources play a role [17—21]. When
scaling up quantum registers, a compact hyperentangled
source in these two DOFs that can provide enough pho-
ton pairs in the communication band become essential for
constructing a large-scale quantum network. Owing to the
compatibility with integrated optics and the ability of coil-
ing to a compact size, fiber-based entangled sources have
attracted much attention in recent years [22]. Fiber-based
polarization and time-energy entangled sources have been
achieved via a spontaneous four-wave mixing process in
the silicon microring cavity [23] or dispersion shifted fiber
[24]. However, it is not easy for the silicon microring cav-
ity to generate photon pairs covering all the wavelength
of the communication band due to the large free spectral

© 2022 American Physical Society
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range of the cavity mode [23]. And the dispersion shifted
fiber needs to be cooled to a low temperature through a
liquid helium bath or a liquid nitrogen bath to reduce the
Raman-noise photon-generation rates [24], which makes
the whole system complicated. An effective approach
to overcome these limitations is to adopt photonic inte-
grated circuits, e.g., high-efficiency waveguide structures
[25-27]. A waveguide-based spontaneous parametric
down-conversion (SPDC) process can generate photon
pairs of high spectral brightness, broad spectral range, and
very low noise background [28,29]. It is extremely benefi-
cial to construct hyperentangled sources in these two DOFs
by using a high-efficiency waveguide.

On the other hand, high-fidelity quantum operations,
like precise manipulation of polarization entangled state,
represent a fundamental prerequisite for many quantum-
information technologies [30]. Particularly in superdense
coding, the precise manipulation of polarization entan-
glement is an indispensable part for encoding the quan-
tum information and performing the complete Bell-state
measurement [5,6,31]. So far, a variety of progresses
have been achieved in single-photon polarization manip-
ulation [32—35]. Silicon photonic chip has been applied
in a measurement-device-independent QKD system [35].
High-speed electro-optic (EO) effects in silicon often
rely on electronic doping, which faces stringent trade-
offs between voltage, bandwidth, and optical losses [36],
and thus is not suitable for performing quantum opera-
tion to maximally entangled states. To date, there are still
fewer studies on the fast manipulation of the polarization
entangled state.

Here, we report on the generation and manipulation of
hyperentanglement in polarization and time-energy DOFs
with high performance. The hyperentanglement is gen-
erated by cascaded second-harmonic generation (SHG)
and SPDC processes in a high-efficiency PPLN waveg-
uide. The entangled source achieves the fidelity of the
polarization state of higher than 98% and the visibility
of Franson-type two-photon interference fringes of 98.5%
for time-energy entanglement. Then, the manipulation of
polarization entangled state is implemented on a PPLN-on-
insulator (PPLNOI) chip through the transverse EO effect,
with the advantages of integration, low drive voltage, as
well as fast-speed response. Our high-performance system
has potential applications in high-dimensional quantum-
information tasks like fast superdense coding and telepor-
tation.

II. THEORY

A. Polarization rotation based on the PPLNOI

Figure 1(a) shows the structure of the PPLNOI ridge
waveguide we utilize to manipulate the polarization entan-
gled state. The device is fabricated by the following

FIG. 1. (a) Structure of the PPLNOI ridge waveguide. (b)
Schematic energy diagram for the cascaded SHG and SPDC
processes.

procedures [37]: (1) bonding a PPLN chip with the prede-
posit silica layer on a LN substrate; (2) chemomechanical
polishing of the bonded PPLN layer to thin the bonded
PPLN layer to be 5.0 um thick; (3) optical grade dicing
to fabricate two parallel shallow grooves, forming a ridge
waveguide with a dimension of 6.0 um (width) x 5.0 um
(height) x 10 mm (length). Finally, a metal (Ni/Cr) elec-
trode 50 nm thick is deposited on both side walls to form
the transverse electrode, where the Ni layer is deposited
between the Cr electrode and the side walls to make the
electrode bonding on the PPLN layer better. To make the
PPLN fulfill quasi-phase-matching (QPM) in the telecom-
munication band, the poling period A is designed to be
20.5 um with a duty cycle of 50%. When a transverse
(y-axis) electric field is applied along the waveguide, the
optical axes of each of the positive and negative domains
are alternately rearranged at small rocking angles of 8 and
—6 about the x axis with the form of @ ~ y5,E/[(1/n,)? —
(1/n,)?] [38], where ys; is the EO coefficient, and 7,
n, are the extraordinary and ordinary refractive indices,
respectively. At the QPM wavelength A = A(n, — n,), the
polarization of the output is rotated by an angle of 2N0
with respect to its horizontal (H) or vertical (V) initial state,
where N is the domain number.

B. Cascaded SHG and SPDC processes based on the
PPLN waveguide

Figure 1(b) shows an energy-level diagram of the cas-
caded SHG and SPDC processes as the pump photons and
photon pairs are coupled via intermediate photons with fre-
quency w, = @Wpump + Wpump = W5 + w;, where m, s, and
i represent the intermediate, signal, and idler photons,
respectively, according to the energy conservation law. To
achieve maximum conversion efficiency and high signal-
to-noise rate, the phase-matching conditions for both of the
two processes need to be simultaneously satisfied. Then,
the quantum physics of this process can be described by
the following effective Hamiltonian:

H=x« / dr x1 x2ESD (r, 0ESY (r, 0 ES) (r 0EL (1, 1)
v

+ H.c,, (1)
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where « is the coupling constant related to the crys-
tal, EP and E\” (n=p,s,i) are the positive- and
negative-frequency component of the electric field opera-
tors, corresponding to the annihilation and creation opera-
tors, respectively. x| and yx, are second-order susceptibility
of the crystal for SHG and SPDC processes, respectively,
and H.c. denotes a Hermitian conjugate. Following the
model of SPDC in waveguide [39], one can express the
spectral brightness, the down-converted signal power d'P
within a bandwidth dA, for the cascaded SHG and SPDC
processes as

dPs s aan 1. 5 (AKL
d—kszf‘xlxzppA—%vgsmc - ) 2

where A, is the cross-section area of the waveguide, L
represents the length of PPLN waveguide, P, is the pump
power, and I" is the coupling constants related to idler and
pump wavelength. Due to the high efficiency of SHG and
low probability of SPDC process, only a small number
of SH photons down-converted to photon pairs stimulated
by vacuum fluctuations, which leads to a measurable SH
wave at the output of the waveguide. Thus, one needs to
suppress the remaining SH wave before using the photon
pairs generated by the cascaded SHG and SPDC processes
as the quantum source. For the SPDC process, only the
nondegenerate part is useful because the degenerate pho-
ton pairs cannot be separated from the pump laser and
suffer from strong noise. However, realizing simultane-
ous phase matching for the SHG and SPDC processes that
can generate nondegenerate photon pairs covering a broad-
band spectrum is very challenging due to the dispersion in
a medium. To ease this restriction, we take advantage of
the type-zero QPM configuration and the weak dispersion
property of PPLN in the telecommunication band.

Hyperentanglement

Generation and Manipulation

II. EXPERIMENT AND RESULTS

Sagnac geometry has been widely used for generating
polarization entanglement because it eliminates the need
for stabilizing the interferometer and allows the biphoton
output state to be easily controlled [40]. However, prepar-
ing fiber-based polarization entangled sources with a high
spectral brightness is not easy because it is difficult for a
fiber polarization beam splitter (FPBS) to operate at both
wavelengths of fundamental wave and SH wave with no
frequency dispersion and low insertion loss. To address
these limitations, we develop a fiber-based hyperentangled
source based on cascaded SHG and SPDC processes in a
fiber Sagnac loop. The experimental setup of the hyper-
entangled source and the measurement setups are depicted
in Fig. 2. A narrow-band cw laser (LTB-6728, Newport
Corp.) at 1553 nm is passed through a dense wavelength
division multiplexing filter (DWDM, ShenZhen Sharetop
Technology Co., Ltd.) with an extinction ratio of 120 dB
to suppress spontaneous emission noise. An optical cir-
culator (CIR) is utilized to guide the pump laser into a
fiber Sagnac interferometer, which consists of an in-line
FPBS and a 5-cm-long PPLN waveguide. The normal-
ized SHG efficiency of this waveguide is measured to be
n= Pout/Pizn = 450%/W, where Py, and P, correspond
to the powers of the fundamental wave at the input and
the generated SH wave at the output. In the interferometer,
the pump laser is split into two orthogonal components and
bidirectionally pumps the PPLN waveguide. To ensure the
polarization of photons fulfills the type-0 phase-matching
condition, the output fiber of the ordinary light side of the
FPBS is rotated by 90°. Then, photon pairs are generated
in the PPLN waveguide by the cascaded SHG and SPDC
processes and recombined in the FPBS. By precisely con-
trolling the polarization controller (PC), one can obtain

the two-photon state after the CIR as |¢p+) = Lz(|H YilH )
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FIG. 2. Experimental setup for the generation and manipulation of hyperentanglement in polarization and time-energy DOFs.
DWDM, dense wavelength division multiplexing filter; PC, polarization controller; FPBS, in-line fiber polarization beam splitter;
CIR, circulator; QWP, quarter-wave plate; HWP, half-wave plate; PBS, cubic polarization beam splitter; SNSPD, superconducting

single photon detector.
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FIG. 3. (a) Spectrum of correlated photon pairs generated by
cascaded SHG and SPDC processes. The blue points indicate
experimental data while the red line is the theoretical result. (b)
Experimental CAR and down-converted photon number under a
different level of pump power.

+ |)ilV)s). To effectively suppress the pump laser, we
use cascaded 100-GHZ DWDM filters with an extinction
ratio of 120 dB to divert the signal and idler photons. The
remaining SH wave generated in the Sagnac interferome-
ter is also significantly suppressed by the CIR and DWDM
filters.

First, we characterize the performance of the corre-
lated photon pairs in terms of spectral bandwidth, bright-
ness, and signal-to-noise ratio. The photons are detected
by superconducting nanowire single-photon detectors
(SNSPD, Photec Corp.) with the detect efficiency of over
80% and dark count rate of less than 40 per second. The
detection events of the SNSPDs are recorded by a time-
correlated single-photon counting (TCSPC, ID900-master,
ID Quantique Inc.) and the coincidence window during the
whole experiment is set to be 500 ps. Figure 3(a) shows
the spectrum of correlated photon pairs of the source.
The spectrum spans a full width at half maximum of
approximate 60 nm, covering the whole telecom C band
and L band. Then, we investigate the spectral brightness
and signal-to-noise ratio of the source. The noises mainly
include the spontaneous emission noise and spontaneous
Raman-scattering noise of the pump laser. The former can
be suppressed to a great extent by using a narrowband fil-
ter with a high extinction ratio before the laser is injected
into the PPLN waveguide, while the later is hard to elimi-
nate and grows with the pump power. Raman photons with
wavelength nearby the pump wavelength are generated by
the Raman Scattering in both the PPLN waveguide and
fiber, making the SPDC photons inevitably contaminated
by Raman photons. Fortunately, using a narrow-band filter
to separate the SPDC photon pairs can keep the Raman-
scattering noise mixed in the signal at a low level. The
coincidence count to accidental coincidence count ratio
(CAR) is the quality merit for characterizing the signal-
to-noise ratio of photon pairs. In theory, CAR can be
expressed as [41] CAR = Cniny/(C + n/Ds)(C + n,D;),
where C is the coincidence rate, 1, and D,, (n =1i,s)
are the detect efficiency and dark count rate of the two

detectors. Figure 3(b) shows the experimental CAR and
the detected single-channel photon number of the selected
photon pairs under different pump levels. The red dashed
line indicates the quadratic fit to the experimental data
with the coefficient of determination R square of 0.9999,
which strongly suggests that the down-converted signal
photon number quadratically grows with the pump power
and agrees reasonably well with the theory in Eq. (2). The
source exhibits a high signal-to-noise ratio when keeping
the photon rate at a high level and a CAR of higher than
18 000 is obtained with a photon-pair detection rate of 13.9
kHz. Thus, such a quantum source based on cascaded SHG
and SPDC processes in a high-efficiency PPLN waveguide
can be used in quantum-information tasks.

Next, we characterize the hyperentanglement in
polarization and time-energy DOFs of the entangled
source. A quarter-wave plate (QWP), a half-wave plate
(HWP), and a cubic PBS are utilized for quantitative anal-
ysis of the polarized entanglement. By controlling the
angle of the QWPs and HWPs, one can perform the pro-
jected measurements for the entangled states. To obtain
the maximally entangled state, one needs to balance the
photon-generation rate at the two circulation directions of
the fiber Sagnac loop by precisely controlling the PC. In
addition, the optical path difference between the clock-
wise and counterclockwise paths of the Sagnac loop needs
to be within the coherence length of the SPDC photons,
which is determined by the SPDC coherence time (about
10 ps due to the 100-GHz DWDM filter). Moreover, for
the phase stabilization of the Sagnac interferometer, the
total length of the Sagnac loop should not be very large
so that the influences introduced by the environment on
the clockwise and counterclockwise paths are the same
[40]. In our experiment, the fiber length in the two sides of
the PPLN waveguide is controlled to be 70 = 1 cm. First,
we perform the quantum-state tomography for the pre-
pared state and reconstruct the density matrix by using the
maximum-likelihood estimation [42]. The real and imagi-
nary parts of the reconstructed density matrix are presented
in Figs. 4(a) and 4(b), respectively, from which we cal-
culate the fidelity to be F' = (Vigeall 0| Videal) = 98.1% £
0.3%. Using the standard coincidence measurement tech-
nique we record the two-photon interference fringes in
terms of photon coincidence under two nonorthogonal pro-
jection bases, H/V and D/A (diagonal and antidiagonal).
We fix the angle of the HWP of idler photons at 0 and
22.5°, respectively, and measure the two-photon coinci-
dence count as a function of the HWP rotation angle
of signal photons. The experiment results are shown in
Fig. 4(c). We obtain an average raw visibility to be V' =
(Nmax - Nmin)/(-/\[max + Nmin) = 99.2% £ 0.4%. To fur-
ther characterize the entanglement of the prepared state, we
measure the S parameter of the Clauser-Horne-Shimony-
Holt (CHSH) Bell inequality [43]. The maximum value
of CHSH Bell inequality is obtained to be § =2.76 £
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FIG. 4. (a),(b) Real and imaginary parts of the reconstructed
density matrix for the polarization entangled state. (c) Two-
photon coincidence count as a function of signal polarization
under two nonorthogonal projection bases. (d) Franson-type
interference patterns for observing time-energy entanglement.

0.03, which violates the inequality by 25 standard devi-
ations. During the measurements of quantum-state tomog-
raphy, two-photon interference and CHSH Bell parameters
throughout our work, each coincidence count is repeated
for 3 times to calculate the error bars with a single mea-
surement time of 5 s. The results convincingly demonstrate
that polarization entanglement is successfully prepared
based on cascaded SHG and SPDC processes in a fiber
Sagnac loop.

Time-energy entanglement is an inherent feature in pho-
ton pairs generated via cw laser pumped SPDC [44].
Owing to the narrow linewidth (Av < 200 kHz) of the
pump, a large emission time uncertainty (r > 5 us) can be
achieved during the SPDC process. Thus one can express
the superposition state of the photon pairs emitted at
different temporal mode as |¢) =« fooo E@|1),|1)dt,
where « is the coupling constant corresponding to the
second-order susceptibility x® of the PPLN waveguide,
and £(¢) is the emitted time-distribution function. The
time-energy entanglement can be revealed by using a
Franson-type interferometry [45]. If the relative path delay
between the two arms of the interferometer is shorter than
the coherence length of the pump, interference fringes can
be observed by sweeping the relative phase of one interfer-
ometer. In our experiment, the Franson-type interferometer
consists of two unbalanced Mach-Zehnder interferome-
ters (MZIs, mint-1 x 2-band C-1 GHz, Kylia Inc.), which
are made of free-space optical components and have an
arm length difference of 1 ns in time domain. The relative
phase between the two arms can be changed by applying
the voltages to a resistive heater fixed on an optical ele-
ment in the MZIs. The two-photon interference patterns
under two nonorthogonal phase bases are measured by

sweeping the relative phase of signal MZI. The results are
shown in Fig. 4(d). We obtain an average fringe visibility
of V'=98.5% =+ 0.5%, which exceeds the nonlocal bound
71% of Bell inequality [10,43] and reveals a high quality
of time-energy entanglement.

Entanglement manipulation is a key ingredient in quan-
tum operations and becomes essential for distributed
quantum-information tasks. Particularly in superdense
coding, the precise manipulation of polarization entan-
glement is required to encode the four Bell states and
accomplish the complete Bell-state measurement. Before
demonstrating the conversion of the polarization entan-
gled state, we first show the characteristics of precisely
controlling the polarization state of our device with effi-
cient and linear electro-optic tuning. In our experiment,
the PPLNOI ridge waveguide (in collaboration with HC
Photonics Corp.) has the capability of fast polarization
rotation with a response speed over 100 MHz at a half-
wave voltage of about 7 V [38]. The experimental setup
is depicted in Fig. 5. A 500-fs pulse from a fiber mode-
locked laser with a repetition frequency of 60 MHz passes
through a thin-film DWDM filter and a fiber Bragg grat-
ing. As a result, we obtain a pulse laser at 1572 nm with a
full width at half maximum of 0.2 nm. The laser is atten-
uated to weak coherent laser pulses with a mean photon
number of 0.01 photon per pulse by a variable optical
attenuator. Then, the single-photon pulses are injected into
the integrated PPLNOI ridge waveguide to undergo polar-
ization rotation controlled by the applied voltage from a
arbitrary function generator. A PC and a FPBS are utilized
to ensure the input photons are TM or TE polarized. To
fulfill the QPM condition, the temperature of the waveg-
uide is precisely controlled to be 72.0 £ 0.01 °C by the
PID algorithm. A QWP, HWP, and cubic PBS are used
to characterize the output polarization state by perform-
ing the projection measurements. Finally, the photons are
detected by a (In, Ga)As single-photon detector (SPD,
WT-SPD300-ULN, Beijing RMY Electronics Ltd.), which
is triggered by the synchronic electric pulse signal from
the mode-locked laser. The SPD has a quantum efficiency
of 10% and a dark count probability of 1 x 10~ per detect
gate.

To fully demonstrate the characteristic to control single-
photon polarization states of the PPLNOI waveguide,
we preform the quantum-state tomography for the output
polarization states. We choose the polarization state |H)
and |V) as input states, and transfer them into quantum
states | V) and |H), respectively. The input state is of high
fidelity guaranteed by the FPBS with an extinction ratio
of 24 dB, and the amplitude of the electric signal is set to
be 7 V. We reconstruct the density matrices for the rotated
quantum states using the maximum-likelihood estimation,
with which we calculate the state fidelity. The experiment
results are shown in Fig. 6, in which (a)<(c) and (d)Hf)
are the reconstructed density matrices and experimental
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FIG. 5. Experimental setup of polarization manipulation of
single photons on the PPLNOI ridge waveguide. VOA, variable
optical attenuator; PC, polarization controller; FPBS, in-line fiber
polarization beam splitter; AWG, arbitrary waveform generator;
DWDM, dense wavelength division multiplexing filter; QWP,
quarter-wave plate; HWP, half-wave plate; PBS, cubic polariza-
tion beam splitter; SPD, (In, Ga)As single-photon detector.

Poincaré sphere for the output states |V),u and |[H )yt
obtained after the |[H) — |V)ou and |V) — |H ) oy transfer-
mation, respectively. The average quantum-state fidelities
are 99.7%, suggesting that our device can efficiently rotate
the polarization state of single photons.

Then, we perform the polarization entanglement manip-
ulation by utilizing the PPLNOI ridge waveguide, as
shown in Fig. 2. The PPLNOI ridge waveguide can
achieve fast and precise control of of single photons’
polarization while preserving their linear polarization char-
acterization. The signal photons from the hyperentan-
gled source are injected into the PPLNOI ridge waveg-
uide to undergo polarization rotation through the EO
effect. When a transverse electric field is applied to
the PPLNOI ridge waveguide, the two-photon entangled
state will change as |¢)ou = J5[1H)i(@|H)s + BIV)5) +
[Mi(BIH)s + «|V),)], where o and B are determined by
the applied voltage to the PPLNOI waveguide with o> +
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the output single-photon states |V)ow and |H)oy, respectively.
(c),(f) Experimental Poincaré sphere for the output states | V) oy
and |H),, obtained after the |H) — |V)ou and |V) — |H)out
transfermation, respectively. The red arrow lines represent the
output polarization states while the green one indicates the input
states.
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FIG. 7. (a) Two-photon coincidence counts as a function of
signal polarization after entanglement manipulation. (b) Franson-
type interference patterns for time-energy entanglement after
entanglement manipulation.

B? = 1. When a electric field with the amplitude of half-
wave voltage is applied to the PPLNOI, the entangled state
|@)out 1s transferred to another maximally entangled state
Wty = J%(lH),»W)S + |V)i|H)s). In general, only a local
Pauli operation (oy, 0,, 0:) on the polarization degree of
freedom of one of the photons is required to transform one
maximally entangled Bell state to another [22], which can
be achieved by appropriately setting an additional HWP
and QWP [9]. To convert the state [¢pT) to [ T), we per-
form the operation o, to the polarization entangled state
by applying the half-wave voltage of 7 V to the PPLNOL.
The two-photon interference patterns after the polariza-
tion state conversion are shown in Fig. 7(a). The average
raw visibility of the interference fringes are calculated to
be V' =97.8% £ 1.5%, revealing the high quality of the
entangled state |y). In addition, we obtain the CHSH
Bell parameter of S = 2.74 4 0.04, which violates Bell’s
inequality by more than 18 standard deviations. In our
experiment, the PPLNOI acts as a high-speed HWP to
rotate the polarization between H and V. When another
PPLNOI or other high-speed polarization device like inte-
grated lithium niobate EO modulator [36] are used to pro-
vide a phase shift of 7 between H and V, the polarization
entangled state can be switched to the four ideal maximally
entangled states | ™), | 7), |¢1), and |¢~) on demand.
Due to the high-response speed of the PPLNOI waveguide,
the polarization maximally entangled states can be fast
switched to each other by using our PPLNOI, which may
have great potential application in polarization-encoded
quantum-communication tasks.

Another useful feature of polarization entanglement
switching is maintaining the entanglement characteris-
tics of other DOF during the conversion. To demonstrate
this feature, time-energy entanglement of the photon pairs
is measured by using the Franson-type interferometer as
mentioned above. During the measurement, the amplitude
of the electric filed applied to the PPLNOI waveguide is

054002-6



HIGH-PERFORMANCE HYPERENTANGLEMENT...

PHYS. REV. APPLIED 17, 054002 (2022)

set to be 7 V. Figure 7(b) shows the Franson-type interfer-
ence fringes for time-energy entanglement after the polar-
ization entangled state conversion, from which one can
obtain average fitted visibilities of V' = 98.4 £ 0.4%. The
results convincingly imply that time-energy entanglement
is well preserved during the polarization entangled-state
modulation.

IV. DISCUSSION

Recently, quantum entanglement in time-energy,
frequency-bin, and time-bin DOFs is, respectively, pre-
pared by using the cascaded SHG and SPDC processes
in a single PPLN waveguide [29], while we demon-
strate hyperentanglement in polarization and time-energy
DOFs through the same nonlinear processes in a fiber
Sagnac loop. Similarly, we both generate the correlated
photon pairs in a high-efficiency PPLN waveguide with
a high spectral brightness and a large CAR. Compared
with the work in Ref. [29], we achieve better visibility of
the Franson-type two-photon interference for time-energy
entanglement and higher fidelity of the entangled states.
Our scheme can be used for high-dimensional quantum-
communication tasks based on time energy and polariza-
tion hyperentanglement, like superdense coding over long-
distance fiber link. In addition, it is worth noting that the
fiber-based system can also operate in a pulsed scheme to
generate and manipulate time-bin and polarization hyper-
entanglement. For the quality of entanglement, one needs
to optimize the pump power to reduce the effects of multi-
ple pair emission to the quantum interference according to
the SPDC photon statistic properties [46], both in cw and
pulsed schemes. During the superdense coding process,
fast and precise manipulation of polarization entanglement
is required to encode the four Bell states and accomplish
the complete Bell-state measurement. In this case, one can
take advantage of the characteristics of fast controlling
the polarization entangled state of the PPLNOI waveg-
uide to perform fast-encoding quantum tasks, such as fast
superdense coding and superdense teleportation based on
time-bin and polarization hyperentanglement.

On the other hand, there are still several points that
need to be improved when using our system in practi-
cal application. First, although the two-photon interference
is able to characterize the polarization and time-energy
entanglement, performing the full quantum tomography of
the polarization and time-energy hyperentangled state is
essential in future quantum-information tasks. However, it
is challenging to perform the full quantum tomography for
time-energy entanglement due to the continuous-variable
nature and the high-dimensional Hilbert space of time-
energy entanglement. Second, the measurement system of
polarization entanglement is not completely in fiber. One
can use a piezoelectric polarization controller and FPBS
to replace the wave plates and cubic PBS to perform the

projection measurements, which makes the measurement
system completely in fiber and more compact in structure.
Finally, it is difficult for the PPLNOI to rotate the polariza-
tion over a wide wavelength range at the same time and its
modulation rate of EO polarization coupling needs to be
improved.

V. CONCLUSION

In conclusion, we implement efficient generation and
precise manipulation of hyperentanglement in polariza-
tion and time-energy DOFs. The hyperentanglement is
generated by cascaded SHG and SPDC processes in a high-
efficiency PPLN waveguide in a fiber Sagnac interferome-
ter. The states achieve the two-photon interference visibil-
ity of higher than 99% for polarization entanglement, and
achieve the Franson-type two-photon interference visibil-
ity of = 98.5% = 0.5% for time-energy entanglement. In
addition, we succeed in controlling the polarization state
switched from one maximally entangled state to another
by utilizing a PPLNOI platform while the time-energy
entanglement is well preserved during the manipulation.
The high-performance system and fiber-based scheme can
significantly reduce the complexity of quantum systems
and serve as a quantum source for large-scale fiber quan-
tum networks. In addition, we expect that our scheme has
promising applications in quantum-information tasks, such
as dense coding, superdense teleportation, and quantum
cryptography on multiuser optical fiber networks.
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