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Abstract: Frequency-bin encoding furnishes a compelling
pathway for quantum information processing systems com-
patible with established lightwave infrastructures based
on fiber-optic transmission and wavelength-division mul-
tiplexing. Yet although significant progress has been real-
ized in proof-of-principle tabletop demonstrations, ranging
from arbitrary single-qubit gates to controllable multipho-
ton interference, challenges in scaling frequency-bin pro-
cessors to larger systems remain. In this Perspective, we
highlight recent advances at the intersection of frequency-
bin encoding and integrated photonics that are fundamen-
tally transforming the outlook for scalable frequency-based
quantum information. Focusing specifically on results on
sources, state manipulation, and hyperentanglement, we
envision a possible future in which on-chip frequency-bin
circuits fulfill critical roles in quantum information process-
ing, particularly in communications and networking.
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1 Introduction

One of several reasons for the remarkable success of light-
wave communications, wavelength-division multiplexing
(WDM) has continuously asserted its importance in clas-
sical optical networks [1]: first in coarse WDM (CWDM)
based on 20 nm-wide channels [2], followed by dense WDM
(DWDM) with spacings as tight as 12.5 GHz [3], and finally
evolving into the current flex-grid era of programmable
frequency slots [4], [5]. The optically transparent nature of
WDM technology—i.e., its avoidance of optical-to-electrical
conversion—has likewise solidified its place in the quan-
tum domain, with uses including quantum-classical coex-
istence [6]-[10] and broadband entanglement distribution
[11]-[14].

Yet additional features of the frequency degree free-
dom (DoF)—such as its ease of entanglement generation,
stability in long-haul fiber transmission, and compatibility
with stationary qubits based on distinct energy levels [15],
[16]—have inspired efforts to expand its role from multi-
plexing quantum information alone to encoding quantum
information itself [17]-[20]. In the discrete-variable version
of this paradigm, single photons occupying superpositions
of d discrete frequency modes, or bins, form quantum-
information-carrying “qudits,” with qubits the special case
d=2.

Although quantum operations for such qudits are
decidedly nontrivial, requiring controllable multifrequency
interference, the last decade has witnessed remarkable
experimental progress in frequency-bin processing, includ-
ing nonlinear- [21]-[23] and electro-optic [24]-[28] fre-
quency beamsplitters, full state characterization enabled
by spectro-temporal interference [29]-[33], and unitary
quantum gates via alternating electro-optic phase modula-
tors (EOMs) and Fourier-transform pulse shapers [24], [26],
[34]-[39]. Indeed, the last approach—known as the quan-
tum frequency processor (QFP)—has been shown theoret-
ically capable of scalable universal quantum information
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processing [17], thus bequeathing the field of frequency-
bin quantum information with a framework for general-
purpose quantum computation, above and beyond its core
synergies in the subfield of quantum communications and
networking.

Despite the variety and success of proof-of-principle
demonstrations, however, progress toward the ultimate
vision of frequency-bin processing is reaching bounds
imposed by tabletop components, whose insertion loss and
cost have thus far limited experimental QFPs to three ele-
ments (EOM/pulse shaper/EOM) and whose size and limited
bandwidth (both optical and microwave) have hampered
scaling to many photons and higher dimensions. Of course,
the constraints of tabletop optics are nothing new; both the
general issues of scalability and the ultimate solution of
photonic integration are shared by more traditional optical
qubits, with path encoding arguably the most developed
[40]-[42] due to straightforward gate construction with
beamsplitters and phase shifters [43], [44]. Interested read-
ers may refer to other review articles summarizing quan-
tum information processing in other DoFs [45]-[47] and
the transformative role now played by integrated photonics
[48]-[51].

Notwithstanding its comparative immaturity,
frequency bins do enjoy unique features that make them
ideal candidates for integrated photonics. At a high level,
their ability to encode and multiplex high-dimensional
qudits in a single waveguide could provide a pathway
to even more compact footprints than path-encoded
alternatives [18]. And practically speaking, frequency
bins are arguably the most natural encoding format
for microring resonators—omnipresent components in
silicon (Si) photonics [52]. Not only do microring filters
provide the functionalities needed for on-chip multiplexing
[53], [54] and pulse shaping [55]-[59], but they also
automatically produce frequency-bin-entangled photons
in resonantly enhanced spontaneous four-wave mixing
(SFWM) [60]-[62].

In this Perspective, we overview exciting developments
in integrated quantum photonics that engender optimism
for a future of scalable frequency-bin quantum informa-
tion processing. After first summarizing frequency-bin-
entangled sources demonstrated in a variety of material
platforms in Section 2, we transition to on-chip manipula-
tion technology in Section 3. While generally more complex
for the frequency DoF compared to spatial encodings, recent
results with microring pulse shapers, integrated EOMs, and
the photonic molecule have laid a promising foundation for
complete frequency processors on chip. Finally, in Section 4,
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we explore the union of frequency-bin entanglement with
other DoFs via hyperentanglement.

While we are optimistic about the impact of frequency
encoding in quantum networks in particular, where its sta-
bility and parallelism in optical fiber form a persuasive
combination, the extent of its role (e.g., in multiplexing,
signal encoding, or both) is admittedly difficult to predict.
Yet regardless of the ultimate home for frequency bins in
quantum information science, this Perspective argues for
photonic integration as a critical step along the way: nec-
essary, though not sufficient, to realize its full potential.

2 State generation

Many early demonstrations of biphoton frequency combs
(BFCs) exploited spontaneous parametric downconversion
(SPDC) in y® bulk crystals or waveguides. Unless already
generated inside a cavity, these biphotons were subse-
quently shaped into BFCs using postgeneration spectral fil-
tering techniques, such as etalons or programmable filters,
resulting in the loss of nonresonant photon pairs. In recent
years, more intricate techniques with engineered phase
matching [63]-[65] and time-varying cavities [66] have also
been explored for BFC generation. Yet in the context of
integrated photonics, it is the microring resonator that has
emerged as the defining BFC source, uniting a compact
footprint with direct frequency-bin generation in resonant
modes. This concept was first theoretically explored in Si-
on-insulator (SOI) microrings that, as ¥*® sources, generate
photon pairs through SFWM [61].

2.1 Single microring

The simplest integrated geometry for BFC generation
involves a single microring coupled to a bus waveguide,
with several examples illustrated in Figure 1(a)—(c) [30],
[31], [67]. By coupling the ring to a second waveguide as well,
photon pairs can be extracted from both the through and
drop ports [29]. These demonstrations have predominantly
utilized SFWM in platforms such as Si [60], [62], [69]-[71], sil-
icon nitride (SiN) [30], [31], [72]-[78], Hydex [29], [79]-[82],
and aluminum gallium arsenide (AlGaAs) [83].

Although inherent frequency-bin entanglement had
long been theorized in such platforms [61], it was not experi-
mentally confirmed until the advent of advanced character-
ization techniques utilizing electro-optic frequency mixing.
Reference [29] represents a pioneering effort in this area,
generating BFCs with a 200 GHz free spectral range (FSR)
in a Hydex microring and fully reconstructing two-photon
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Figure 1: Integrated sources of frequency-bin-entangled qudits. SiN
microrings with (a) 40 GHz [31] and (b) 50 GHz [30] FSRs. (c) TFLN source
with a 32 GHz FSR [67]. (d) Si-based dual-microring source with 377.2
and 373.4 GHz FSRs [32]. (e) Design for producing a four-photon
Greenberger-Horne-Zeilinger (GHZ) state [68]. The working principles
of (d, e) are elaborated in the text. Images reproduced with permission
from a Creative Commons Attribution 4.0 International License [31], [32],
an Optica Publishing Group Open Access License [30], and the American
Physical Society [68].

density matrices within a 4 X 4 two-qudit Hilbert space.
However, such large FSRs far exceed the bandwidth of typ-
ical commercial EOMs, making integration with emerging
electro-optic-based quantum frequency gates challenging.
Continuous efforts have since focused on demonstrat-
ing BFCs at smaller FSRs. For instance, SiN microrings with
FSRs of 40 GHz (Figure 1(a)) [31] and 50 GHz (Figure 1(b))
[30], as well as a spiral Si microring with a 21 GHz FSR
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[39], have pushed bin spacings into a regime much more
compatible with electro-optic manipulation, facilitating
measurement and inference of BFC density matrices up to
(8 x 8)-dimensional two-qudit Hilbert spaces, the highest
fully characterized frequency-bin dimension to date [31].
However, a fundamental tradeoff exists in single micror-
ing systems, where the photon pair generation rate scales
as %—with Q representing the quality factor and R the
microring radius—indicating that lower FSR rings produce
lower pair generation rates at the same pump power [84].
In Section 2.2, we will explore recent proposals aimed at
overcoming this tradeoff.

While y® microrings are frequently investigated for
BFC generation, the photon pairs and the pump light occupy
the same optical band (the 1,530-1,565 nm telecom C-band
in most demonstrations), which complicates the pump sup-
pression necessary for a high coincidences-to-accidentals
ratio (CAR). Ideally, a pump rejection =100 dB is desired,
which is challenging but can be accomplished with dedi-
cated on-chip filter networks [71], [77], [85], [86].

In contrast, ¥ sources effectively mitigate this issue
as the photon pairs are generated through SPDC, with the
pump typically far away in the 780 nm band. This dramati-
cally simplifies pump suppression, making y® sources par-
ticularly attractive for achieving higher CAR. y® micror-
ings have been implemented on thin-film lithium niobate
(TFLN) [67], [87]-[89] and aluminum nitride (AIN) [87],
[90], [91]. However, given the wide bandwidth separation of
the interacting fields, additional efforts are often required
to achieve phase matching and simultaneous resonance,
such as spatial mode matching [90], [91], periodic poling
[67], [88], [89], or linearly uncoupled rings [92]. Figure 1(c)
depicts a periodically poled TFLN microring source with a
32 GHz FSR, where frequency-bin entanglement has been
confirmed uptoa3 X 3state [67].

2.2 Multiple microrings

As mentioned earlier; microrings with higher FSRs offer
higher pair generation rates and are more compact com-
pared to their lower FSR counterparts. However, FSRs in
the range of hundreds of GHz are inefficient in band-
width utilization and ill-suited for electro-optic manipula-
tion. To address the tradeoff between frequency-bin spacing
and pair generation rate—as well as enhance flexibility in
BFC state engineering—multi-microring approaches have
been pursued [32], [33], [93], [94]. In this scenario, multiple
microrings with higher FSRs are pumped simultaneously,
with each microring contributing one frequency-bin pair,
creating a high-dimensional BFC via coherent superposi-
tion. The frequency-bin spacing is no longer tied to the ring
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radius—and thus the pair generation rate—but is instead
determined by the FSR difference between microrings. An
example device is illustrated in Figure 1(d), featuring two
Si microrings with FSRs of 377.2 and 373.4 GHz, producing
19 GHz frequency qubits located five FSRs away from the
pump [32]. By tuning the rings for simultaneous pump-
ing at the same resonance frequency and using heaters
to adjust the relative phase between the rings, two of the
four Bell states with negative correlations were demon-
strated. By detuning the rings and pumping them at differ-
ent wavelengths, the remaining two Bell states with pos-
itive correlations were also achieved—providing a com-
plementary, integrated version of complete frequency-bin
Bell state synthesizers in tabletop systems [95]. By simply
adding more microrings, higher-dimensional qudit states
can also be generated [33]. Although the number of rings
scales with qudit dimension, this approach offers greater
programmability and flexibility than single-ring BFCs, along
with higher pair generation rates at smaller frequency-bin
spacings.

2.3 Multiphoton state generation

The previous subsections focus on two-photon frequency-
bin entangled states. However, multipartite entangled
states, where entanglement extends beyond two photons,
hold significant interest for both fundamental studies and
practical applications. These states are valuable for dis-
tributed quantum computing [96] and multiparty quantum
communication protocols [97], [98]. One classic example is
the Greenberger—Horne-Zeilinger (GHZ) state [99], where
all parties are maximally entangled as a whole, but none of
the reduced subsystems exhibit entanglement. For example,
a four-party GHZ state in two dimensions can be rep-
resented as |0000) + |1111). Early demonstrations of GHZ
states concentrated on the polarization DoF [100], [101]. In
one such approach [101], two entangled photon pairs are
generated, and a fusion operation [102] is applied to one
photon from each pair. For the polarization DoF, this fusion
is realized by a polarizing beamsplitter (PBS) followed
by postselecting on one photon appearing in each spatial
mode.

An elegant translation of this approach has been pro-
posed, with a microring filter as the frequency-bin ana-
log of the PBS as shown in Figure 1(e) [68]. In this design,
the two entangled photon pair sources are represented by
dashed boxes labeled A, each formed by a two-ring system
(cf. Section 2.2). The signal-idler photon pairs are directed
to two microrings tuned to the idler bins (dashed box B),
where the signal and idler photons are spatially demulti-
plexed. The idler photons from both sources then converge
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at a central fusion microring (dashed box C), which swaps
the waveguide for one idler frequency bin while passing
the other, effectively mimicking the PBS in the frequency
domain. Another important class of multipartite states, W
states, are robust against photon loss, as their reduced sub-
systems preserve entanglement [101], [103]. Using spectral
filtering and postselection similar to the GHZ approach, Ref.
[68] also discusses methods for synthesizing frequency-bin
W states on photonic integrated circuits.

The examples above are limited to three- and four-
photon states, with each photon restricted to two-dimen-
sional systems. Reference [104] proposes a theoretical
framework to generalize these schemes to higher dimen-
sions and larger photon numbers by combining multiple
photon-pair sources with the application of complex unitary
frequency-bin operations. Ultimately, the generation rate of
these synthesized states depends on the photon-pair rates of
individual sources and the success probability of projective
measurements—challenges that impact all photonic DoFs.
In general, active multiplexing of entangled photon sources
[105] and the use of solid-state single-photon emitters [106],
as alternatives to traditional SFWM and SPDC sources, offer
promising approaches to circumvent the inherent tradeoff
between pair rates and CAR [107], thereby enabling more
efficient multipartite entangled state generation [108].

2.4 High spectral purity sources

Multiphoton interference between independent sources is
central to many quantum information protocols, such as
quantum teleportation [109], entanglement swapping [110],
[111], multipartite entanglement generation [112], and quan-
tum repeaters [113]. In such applications, it is crucial that
interfering photons from different pairs be indistinguish-
able in all auxiliary DoFs, which in path or polariza-
tion encoding requires sources that are spectrally pure or
“unentangled” over the measurement bandwidth. Quantita-
tively, we can define the spectral purityas ? = 1/K = Y, 4%,
where the Schmidt number K can be computed through
the Schmidt decomposition of the biphoton joint spectral
amplitude: (@, w,) = ¥,/ Awy(@)p,(@,) [114]-[116].
Spectral purity P =1 indicates complete separability and
ensures that a pure single photon can be heralded by detec-
tion of the other photon from the pair.

Since frequency itself represents the DoF of interest
in frequency-bin encoding, the analysis of spectral purity
becomes slightly more nuanced. In general, BFCs produce
two types of frequency entanglement: interbin entangle-
ment (the coherent superposition of distinct signal-idler
frequency-bin pairs) and intrabin entanglement (entangle-
ment within a single pair) [20]. Since the former is typically
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desirable in frequency-bin quantum information while the
latter is not (for the same multiphoton interference rea-
sons as in other DoFs), the preferred BFC scenario entails
a pump with bandwidth that is larger than an individual
frequency bin but smaller than the bin spacing. However,
for microring sources, where the pump resonance linewidth
is (typically) equal to that of the signal and idler, the intrar-
ing pump bandwidth will not appreciably exceed that of
the generated bins, constraining the maximum achievable
spectral purity to 93 % per bin pair with Gaussian pump
pulses [117]. To address this limitation, novel approaches
have been proposed, including engineering the micror-
ing coupling [117]-[120], designing combined couplings of
multiple microrings [71], and manipulating the pump pulse
[121], [122].

For example, in Ref. [118], two asymmetric Mach—
Zehnder interferometers (AMZIS) couple to the ring
(Figure 2(a)) to independently control the quality factors of
the pump and signal-idler. Configured to create a z-phase
difference between adjacent resonances, the input AMZI
couples to the pump resonance and the output AMZI to the
signal and idler resonances. Different coupling coefficients
achieve a higher quality factor—and thus narrower
linewidth—for the signal and idler relative to the pump.
A biphoton spectral purity of (95 + 1.5)% was measured
from an unheralded second-order autocorrelation [g®]
measurement [123], while the estimate obtained from the
joint spectral intensity (JSI) (Figure 2(a)) using stimulated
emission tomography (SET) [124] reached 99.1 %.

Another design features an auxiliary ring that enables
resonant interferometric coupling to the main ring [120],
influenced by the optical path imbalance of the interferom-
eter arms and the transmission characteristics of the aux-
iliary ring. An estimated 98.67 % purity has been extracted
from an experimentally measured joint temporal intensity
(JTD) with this design.

In Figure 2(b), a primary ring responsible for photon
generation is coupled to an auxiliary ring that resonates
exclusively at the pump wavelength of the primary ring
[119]. An AMZI coupled to the auxiliary ring controls its res-
onance linewidth, thereby influencing the pump lineshape
in the primary resonator. This dual-ring structure enhances
the selectivity of pump resonance control, optimizing both
heralding efficiency and spectral purity, with the latter esti-
mated at 97 % and 99.1% from unheralded g® and SET-
based JSI measurements, respectively.

A recent design proposes a cascade of microrings
that are serially coupled to a bus waveguide with slightly
offset resonant frequencies [71]. This arrangement creates
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Figure 2: Integrated demonstrations of spectrally pure photon pairs.
(a) Interferometric coupling [118]. (b) Resonantly controlled interfero-
metric coupling [119]. (c) Tailored pump pulses [121]. Device designs
appear in the left column, with corresponding JSIs in the right column.
In (c), the pump pulse is also illustrated in the center column. Images
reproduced with permission from a Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/)
[119] and Optica Publishing Group [118], [121].

an array of closely spaced, overlapping resonance line-
shapes across the pump, signal, and idler frequencies. When
the pump pulse spectrum is confined within the total band-
width of the overlapping resonances, the signal and idler
become unentangled. A 24-resonator implementation has
yielded an estimated purity of 99.7 %, based on the JSI mea-
sured using SET. The design is tolerant to variations in global
resonance wavelengths caused by fabrication imperfec-
tions, with minimal impact on the spectral indistinguisha-
bility of photons generated from different devices.

Finally, a scheme based on pump pulse engineer-
ing [122] has also experimentally achieved spectral purity
enhancement beyond the 93 % bound without requiring
coupling modifications (Figure 2(c)) [121]. By pumping the
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ring with two phase-shifted, temporally displaced Gaus-
sians, the resonance lineshape is essentially precompen-
sated, resulting in a flat and broader pump spectrum within
the cavity. This approach has reported a purity of 98 %
estimated via SET.

3 State manipulation

3.1 Quantum frequency processor

Manipulating photons in frequency-bin encoding involves
applying controlled phase shifts within and controlled
cross-couplings between frequency bins. In the QFP archi-
tecture (Figure 3(a)), each pulse shaper applies a precise
spectral phase mask to individual frequency-bin modes,
while the EOMs act as mode mixers, generating spectral
interference across frequency bins [17], [19], [38]. While
QFPs based on bulk optics have been widely demonstrated,
a fully integrated QFP remains unrealized. Nevertheless,
integration holds significant promise for lower loss and
enhanced scalability. In this subsection, we will explore
recent demonstrations of integrated pulse shapers and
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Figure 3: Integrated approaches for frequency-bin manipulation.

(a) Three-element QFP [20]. (b) Six-channel Si microring pulse shaper
[59]. (c) 64-channel SiO, AWG pulse shaper [125]. (d) Hybrid Si-organic
EOM [126]. (e) Hybrid Si-TFLN modulator for pump control [127]. (f) TFLN
frequency beamsplitter [128]. Images reproduced with permission from
an Optica Open Access Publishing Agreement [20], [126], [127], a Creative
Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License (https://creativecommons.org/licenses/by-nc-nd/4.0/) [59],
Optica Publishing Group [125], and Springer Nature [128].
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EOMs with an eye toward uniting these components in a
fully integrated QFP.

3.1.1 Pulse shapers

Fourier-transform pulse shapers allow for controllable
amplitude and phase modulation of the frequency compo-
nents of an optical signal, typically achieved by spectrally
dispersing the signal’s spectrum, routing spectral regions
to unique amplitude and phase modulators, and then
recombining them into a single spatial mode. In the bulk,
spectral dispersers are often realized with some combina-
tion of diffraction gratings, prisms, and virtually imaged
phase arrays, while amplitude and phase modulation is
applied by programmable liquid crystal on Si elements [129].

Integrated spectral shapers follow the same concepts,
but with designs that accommodate the intricacies of
guided-wave optical physics. For example, integrated spec-
tral dispersers commonly rely on arrayed waveguide grat-
ing (AWG) or microring resonator technology. In an AWG,
an input field at the object plane enters a free propaga-
tion slab and is evenly distributed into an array of waveg-
uides with an incremental optical path length difference,
producing a spatial phase gradient. Upon recombining the
light from each waveguide in another free propagation
slab, the gradient results in spectral focusing at different
points in the image plane. By placing output waveguides at
appropriate points in the image plane, the AWG functions
as a spectral disperser [130]. In contrast, microring pulse
shapers rely on coupling a series of rings to an input bus
waveguide, where each ring downloads a specific frequency
that can subsequently be phase- or amplitude-tuned before
uploading back to an output waveguide, as depicted in
Figure 3(b) [59].

Integrated shapers with AWG spectral dispersers have
been realized in silica (SiO,) [125], indium phosphide (InP)
[131], [132], and heterogeneous platforms [133]. AWG-based
shapers can enable control over a large number of spec-
tral modes; for example, Figure 3(c) illustrates a 64-channel
pulse shaper from one study [125], while another has
demonstrated up to 100 modes [131]. However, these devices
are typically limited in spectral resolution to 10 GHz and
loss to 210 dB, and techniques to improve the resolution
resultin increased optical loss and phase errors that must be
actively compensated. Heterogeneous integration can ben-
efit AWG-based shapers by utilizing appropriate material
platforms for both the AWGs and amplitude/phase modu-
lators, e.g., low-loss SiN for the AWG and InP for reconfig-
urable phase modulation up to 500 MHz and beyond [133].

Shapers with microring-based dispersers [55]-[57], [59]
have proven less common than AWG-based versions, but
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present some interesting advantages. The microrings are
easily tunable with thermo- or electro-optic effects, their
geometry is such that spectral resolution improves as loss
goes down, and they can achieve low insertion loss on the
order of a few dB. Importantly, finer spectral resolution
allows for an increase in the number of frequency modes
within the same optical bandwidth as well as increases
the complexity of modulating waveforms available to mix
them in the QFP paradigm [36]. Recently, line-by-line pulse
shaping has been demonstrated on six lines of a classical
electro-optic comb with a spacing of 3 GHz [59]. The device
contains two sets of multimode microring filter banks with
inline phase shifters in between for a total of six individ-
ually addressable channels, each with a 3 dB linewidth of
~900 MHz.

This same device recently shaped the temporal profile
of entangled photons as well [134]. By carefully selecting
mode sets to carve the biphoton spectrum, spectral phase
control could be realized in a 3 X 3 or 6 X 6 Hilbert
space of frequency-bin entangled qudits at a bin separation
of 3 GHz. At such fine bin separations, the pulse shaper
can control relatively long temporal features (on the order
of ~1ns), allowing for direct measurement of the tem-
poral correlation function with commercial single-photon
detectors.

3.1.2 Electro-optic modulators

Single-tone optical phase modulation scatters the carrier
light into sidebands at harmonics of the modulation fre-
quency, as described by the Jacobi-Anger expansion. Char-
acteristics of an ideal EOM are low insertion loss, low
chirp, large electro-optic bandwidth, a compact footprint,
and a low half-wave voltage V,—the voltage required
to induce a # phase shift on the optical field. Here, we
focus primarily on Pockels effect modulation (in contrast
to common integrated modulation methods like plasma
dispersion [135]-[137]) because it produces index changes
that are linearly proportional to the applied electric field
and imparts no intrinsic optical loss. Notable integrated
electro-optic materials in this category are lithium nio-
bate (LiNbOs) [138], barium titanate (BaTiOs) [139], galium
arsenide (GaAs) and AlGaAs [140], and organic electro-optic
polymers (Figure 3(d)) [126].

LiNbO; modulators have long been used in optical net-
works and telecommunications applications [141]. Waveg-
uides are formed in bulk via in-diffusion of ions and are
weakly guiding, resulting in bulky devices with limited V,
and operational speed. Processing TFLN, with thicknesses at
hundreds of nm, has been extensively researched to over-
come these limitations [138], with TFLN modulators already
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successfully employed in frequency-bin quantum manip-
ulation. For instance, Ref. [142] uses a double-pass TFLN
EOM (with V, = 2.3-2.8V at modulation frequencies of
10-40 GHz) to achieve spectral shearing of heralded single
photons, reaching a record-high 641 GHz frequency shift. By
pairing the EOM with a dispersion module, spectral com-
pression of single photons is also achieved. Both techniques
show promise for addressing frequency and bandwidth mis-
matches between disparate quantum systems.

Unetched TFLN bonded to Si has been used to integrate
TFLN modulators with high-Q resonators to control bipho-
ton generation (Figure 3(e)) [127]. When TFLN is bonded
above the Si waveguide, the optical mode is hybridized,
achieving a high mode fraction in the TFLN (up to 80 %)
while preserving guidance in the underlying Si layer. In this
way, the authors realize a TFLN intensity modulator with
1.8 dB insertion loss, voltage-length product VL = 3.5V cm,
>100 GHz 3 dB bandwidth, and ~26 dB extinction, which
they use to carve continuous-wave pump light into pulses of
various duration to initiate SFWM in a microring. By reduc-
ing the pump pulse duration, the authors produce biphotons
with a purity reaching the 93 % bound as measured by
SET.

Binary and ternary III-V semiconductor materials like
GaAs and AlGaAs are also promising for their intrinsic lin-
ear electro-optic effect. Although the electro-optic coeffi-
cient is generally ~10 times lower than that of TFLN, III-Vs
offer a direct bandgap facilitating lasers and photodetectors,
enjoy a large index contrast for high-density integration,
and offer a broader transparency window than Si. Addition-
ally, polymers with active organic molecules have shown
promising results after deposition on hybrid Si photonics
platforms. The high polarizability of these polymers leads
to strong electro-optic coefficients ry; > 300 pm/V [126]. Fur-
thermore, hybrid organic polymer modulators have been
shown to accommodate speeds beyond 100 GHz [143]-[145].

On another front, acousto-optic modulators (AOMs)
are emerging as promising alternatives to EOMs for on-
chip phase modulation. The acousto-optic effect, partic-
ularly through Brillouin scattering, involves altering the
refractive index of an optical material due to the strain
induced by acoustic waves, enabling the manipulation of
light as it travels through the medium. Devices based
on this phenomenon are well developed in bulk-crystal
AOMs [146]. Integrated AOMs utilize pm-scale waveguides
to achieve efficient acousto-optical coupling between GHz-
frequency acoustic waves and optical signals. These surface
acoustic waves are generated by electrically driven inter-
digital transducers placed on piezoelectric materials such
as LiNbO, [147] or AIN [148], [149]. The waveguides are
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typically suspended to minimize acoustic losses to the sub-
strate and enhance the acousto-optic interaction.

Notably, AOMs fabricated on the AIN-on-SOI platform,
designed to incorporate coexisting acoustic and optical
resonances, have demonstrated impressive performance
with V. = 19 mV, operating within the optical bandwidths
defined by the nanophotonic cavity resonance linewidth
[148]. Additionally, AOMs featuring linear waveguide seg-
ments [149] that support broad optical bandwidths exceed-
ing 100 nm have been developed with V_ L~ 01V cm,
enabling applications in microwave-to-optical transduction.
However, typical AOMs require acoustic resonance to facil-
itate strong acousto-optic coupling and, therefore, suffer
limited RF bandwidths, although there are paths to over-
come this via multiple or chirped interdigital transducers
[150].

3.2 Non-QFP approaches

In addition to the pulse shapers and single-pass EOMs
comprising the QFP paradigm, non-QFP techniques for
frequency-bin control are also being explored. In this sub-
section, we focus on two classes of alternatives demon-
strated so far in integrated photonics: (i) the electro-optic
photonic molecule, which relies on coupled cavities to
reduce the number of interacting modes compared to a
traditional EOM, and (ii) integrated ¥ and y® parametric
processes mediated by classical optical pump fields.

3.2.1 Photonic molecule

Coupled resonant cavities enable coherent, dynamic control
of the supported energy levels via fast phase modulation
within each cavity [128], [151], [152]. By precisely controlling
the frequency and amplitude of the radio-frequency (RF)
driving waveform, unitary frequency-bin transformations
can be achieved, provided the photon lifetime is longer than
the time needed to drive the system from one state to the
other. In this context, TFLN is an excellent contender as it
supports low waveguide propagation losses [153] and ultra-
fast modulation speeds theoretically reaching fs timescales
[154].

Indeed, Ref. [151] realizes a TFLN photonic molecule
with a system of two coupled microrings emulating a two-
level atomic system, achieving large electrical bandwidth
(>30 GHz) and long photon lifetime (~2 ns). Using dynamic
pulsed modulation, precise control over coupling between
the resonant modes of the photonic molecule is obtained,
enabling phenomena like Rabi oscillations and Ramsey
interference.
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Reference [128] extends the photonic molecule concept
for bidirectional frequency shifting with ~90 % conversion
efficiency and ~30 dB carrier suppression under monotone
RF modulation (Figure 3(f)). Furthermore, the device can be
configured to function as a frequency beamsplitter (achiev-
ing any desired splitting ratio by adjusting the applied
RF power). The resonant nature of the photonic molecule
confines mixing to a specific pair of modes, preventing
the creation of unwanted frequency sidebands associated
with single-pass EOMs. Moreover, the authors present a
cascaded frequency shifter with three microrings to enable
frequency shifts of 120 GHz with only 30 GHz RF excitation.
These experiments and concepts could pave the way for
high-dimensional frequency-bin transformations with pho-
tonic molecules.

3.2.2 Nonlinear optics

Nonlinear frequency mixing is one of the earliest and
most straightforward methods for manipulating the
frequency components of single photons. Originally
established for quantum frequency conversion [155], [156],
this approach enables shifting a photon’s frequency while
preserving its quantum information. When the information
is directly encoded in the frequency DoF, these frequency
shifts function as wunitary transformations between
distinct spectral basis states, with weights controllable
by the interaction strength [22]. These transformations
can be realized through single-pump y@ processes like
sum-frequency generation (SFG) and difference-frequency
generation (DFG) or dual-pump y®© processes such as Bragg
scattering four-wave mixing (BS-FWM).

Most experimental demonstrations of nonlinear
frequency mixing for frequency-encoded photons have
focused on simple two-dimensional operations, such
as frequency beamsplitters [21]-[23] and their use in
Hong-Ou-Mandel interference between spectrally distinct
photons [21], [75]. However, recent efforts have begun
to extend these principles to higher dimensions, such as
generalization of BS-FWM processes to N-way frequency
beamsplitters [157]. Furthermore, a growing convergence
between temporal-mode and frequency-bin encoding
has highlighted the versatility of nonlinear mixing. By
exploiting spectrally shaped pump fields and engineered
poling structures, multi-output quantum pulse gates [158],
originally developed for temporal modes, have shown
potential for manipulating high-dimensional frequency-bin
states [159].

Historically, these frequency mixing demonstrations
have primarily utilized bulk nonlinear waveguides and
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fibers. Periodically poled lithium niobate (PPLN) waveg-
uides, for example, are frequently employed in SFG and
DFG experiments, while BS-FWM processes typically lever-
age nonlinear photonic-crystal fibers. However, recent
advances in nanophotonic platforms are poised to trans-
form this field. Single-photon frequency upconversion via
SFG has now been achieved using both TFLN waveguides
[160] and microrings [161], while SiN microrings are increas-
ingly explored for on-chip BS-FWM [162], [163]. Despite this
progress, fiber-to-chip coupling losses remain a primary
challenge, and engineering phase-matching conditions is
essential to boosting internal conversion efficiencies, moti-
vating continued innovation to realize on-chip frequency-
domain quantum circuits using nonlinear optics.

4 Hyperentanglement

Hyperentanglement describes quantum particles that are
simultaneously entangled across multiple independent DoFs
and is useful in various quantum communication tasks
[164]-[166]. Given the ubiquity of frequency entanglement
in most photon-pair generation processes, it is no surprise
that hyperentanglement involving frequency and an addi-
tional DoF has been widely investigated. In the follow-
ing subsections, we highlight three different types of such
hyperentanglement, with a particular emphasis on those
demonstrated in integrated photonics.

4.1 Time-frequency encoding

The combination of time and frequency may seem coun-
terintuitive at first glance, since these DoFs are Fourier
conjugates and thus intrinsically constrained by the uncer-
tainty principle. However, one can operate in a regime
far from this limit, for example, by exciting a nonlinear
medium with pump pulses spaced such that their temporal
separation (i.e., the time-bin spacing) is much greater than
the inverse frequency-bin linewidth (Figure 4(a)) [81]. This
strategy effectively decouples the two DoFs, enabling inde-
pendent manipulation of both time-bin and frequency-bin
entanglement.

In two microring-based examples (Hydex [81] and
SiN [169]), modulation of the pump controls the time-
bin structure, while the natural resonance characteristics
of the microring define the frequency bins. Figure 4(b)
presents a representative density matrix, where pho-
ton pairs exhibit simultaneous entanglement across three
frequency-bin and three time-bin pairs [81]. Given the
theoretically unbounded number of modes accessible in
both DoFs, time-frequency hyperentanglement offers a
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Figure 4: Examples of hyperentanglement involving frequency and
other DoFs. (a) Time-frequency encoding scheme and (b) corresponding
representative density matrix [81]. (c) Path-frequency encoding scheme
with (d) associated correlation matrix [91]. (e) Polarization-frequency
encoding scheme [167] and (f) example density matrix from a separate
study [168]. Images reproduced with permission from an Optica Open
Access Publishing Agreement [167], a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License
(https://creativecommons.org/licenses/by-nc-nd/4.0/) [91], Optica
Publishing Group [168], and Springer Nature [81].

straightforward route to expanding into larger Hilbert
space dimensions. For instance, manipulation of time-
frequency hyperentangled states has enabled synthesis of
a two-photon, 32-dimensional GHZ state [169].

While the generation of such high-dimensional quan-
tum states appears relatively simple for time-frequency
encoding, the manipulation of these states presents greater
challenges. Both examples above leverage specific, deter-
ministic unitaries—namely, quantum-controlled gates
between two DoFs within a single photon—using tech-
niques like dispersion-induced frequency-to-time mapping
and high-speed electro-optic modulation. However, the
range and complexity of such controlled operations remain
limited and are not yet compatible with fully integrated
systems.

4.2 Path-frequency encoding

Perhaps the most obvious approach for path-frequency
hyperentanglement involves coherently pumping multiple
microrings located in different optical paths. The inher-
ent frequency entanglement within each microring is


https://creativecommons.org/licenses/by-nc-nd/4.0/

1888 = K.V.Myilswamy et al.: On-chip frequency-bin quantum photonics

augmented by path entanglement arising from multiple
bus waveguides. For two-dimensional path entanglement, a
simpler alternative is to pump a single microring bidirec-
tionally, as shown in the AIN design of Figure 4(c) [91]. In
this configuration, photon pairs generated by the clockwise
(CW) pump propagate into the lower waveguide, while those
generated by the counterclockwise (CCW) pump propagate
into the upper waveguide.

Heaters and Mach-Zehnder interferometers allow for
the two photons to travel in either the same or different
paths. When the photon pairs travel along the same path,
their correlations in both frequency and path DoFs are
depicted in Figure 4(d). Although not explicitly confirmed in
this study, previous demonstrations with similar microring
structures suggest that frequency entanglement is inher-
ently present, positioning this source as a natural candi-
date for future path-frequency applications. To extend the
dimensionality in the path domain beyond d = 2, multiple
microrings in distinct optical paths would ultimately be
required.

4.3 Polarization-frequency encoding

While frequency entanglement can be easily achieved with
microrings, on-chip polarization entanglement presents sig-
nificant challenges. Integrated waveguides are typically
optimized for a single polarization, as achieving equivalent
performance for both transverse-electric and transverse-
magnetic polarizations is difficult. Previous efforts in this
area have used Hydex microrings supporting orthog-
onal polarization resonances [170], AlGaAs waveguides
accommodating both polarizations [171], [172], and setups
involving the polarization-rotation-based combination of
photon pairs from two similar Si waveguides, operating
either in series [173] or parallel [174].

In discrete fiber optics, a particularly -effective
approach for polarization-frequency hyperentanglement
has proven to be bidirectional pumping in a Sagnac configu-
ration with polarization-rotating elements [175]-[177]. This
method provides the distinct benefit of achieving similar
characteristics for both output polarizations. Similarly,
microrings placed within a fiber Sagnac loop have been
employed to realize broadband polarization entanglement
spanning multiple energy-matched resonances, facilitating
hyperentanglement in both polarization and frequency
bins [178], [179]. However, these efforts relied on fiber-based
Sagnac loops and were not fully integrated.

A recent bidirectionally pumped Si microring with on-
chip polarization splitter-rotators—a component that sep-
arates orthogonal polarizations and rotates one by 90°
[180], [181]—marks the first integrated demonstration of

DE GRUYTER

this approach (Figure 4(e)) [167]. The authors perform full
tomography of the polarization state for 117 pairs of signal
and idler resonances with a frequency spacing of 38.4 GHz.
Although hyperentanglement has not been explicitly ver-
ified, the intrinsic frequency entanglement is expected
to coexist with the observed polarization entanglement.
Figure 4(f) shows a 36-dimensional polarization-frequency
hyperentangled state from a PPLN source in a fiber-based
loop [177], similar to what we would expect from the inte-
grated source in Figure 4(e) after full characterization.

5 Conclusions

As the examples featured in this Perspective have high-
lighted, the last 5 years have observed a fundamental trans-
formation in integrated frequency-bin photonics. What
began for some of us as a grand vision for quantum infor-
mation processing [17]—whose sole experimentally vali-
dated on-chip components were, at that time, single-ring
sources [60], [62], [182]-[184]—has since exploded with
encouraging on-chip developments: multiring sources for
controllable state synthesis and interferometric techniques
for enhanced spectral purity (Section 2); integrated quan-
tum pulse shapers and on-chip modulators (Section 3); and
hyperentangled sources merging frequency bins with time,
path, and polarization (Section 4). Perhaps the most strik-
ing commonality weaving through these advances is the
microring. Visually represented in all panels of Figures 1
and 2 and two panels each in Figures 3 and 4, the natu-
ral synergy between frequency-bin encoding and microring
resonators, posited in Section 1, is confirmed by example.

The resonant nature of microring circuits does make
them particularly sensitive to fabrication variations, which
can significantly impact their performance. For instance,
deviations in the quality factors from their ideal values can
substantially lower the pair generation rate, while linewidth
variations across different microrings can degrade the qual-
ity of synthesized frequency-bin states in multiring sources
(cf. Sections 2.2 and 4.2). However, the scalability of photonic
integration does mitigate this variation to some extent by
enabling the fabrication of many circuit copies and designs
[185], [186], allowing researchers to test and handpick opti-
mal devices. Additionally, strategies that leverage statisti-
cal variations with many devices (like the 24-ring cascade
of Ref. [71]) or multiple uses of a single device (like bidi-
rectional pumping of a single ring in Figure 4(c) and (e))
have revealed pathways to reduce fabrication dependencies
through circuit engineering.

Yet it is perhaps what microrings alone cannot accom-
plish that will define the future of frequency-bin photonics.
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For while microrings can be realized in virtually any inte-
grated platform, efficient electro-optic modulation is possi-
ble only in specific materials. As discussed in Section 3, the
highest-performing modulators applied to quantum light
have to date have been realized on TFLN—unsurprising
in light of bulk LiNbO,’s longstanding dominance in the
discrete-EOM market. However, TFLN is not compatible with
CMOS foundries, the ecosystem in which the most advanced
on-chip microring pulse shapers (in terms of controllability
and channel number) have been realized [57], [59]. In our
experience, the mismatch between the best materials for a
complex pulse shaper and the best materials for an ideal
EOM has proven the most challenging impediment to a fully
on-chip QFP. Nevertheless, the sharp distinction between
CMOS and non-CMOS materials is softening, as research
in heterogeneous integration, where systems can leverage
the strengths of multiple material platforms, has begun to
thrive [187], [188].

Consequently, the pursuit of complete frequency-bin
processing circuits on chip faces a nontrivial decision.
Should we pursue CMOS solutions, incorporating compat-
ible materials as needed for modulation? Or should we
focus on the most promising materials for monolithic per-
formance and devote efforts toward scalable manufactur-
ing? Or could the best option lie in hybrid integration, with
devices on multiple platforms combined through, e.g., wafer
bonding or photonic wirebonds? Each of these paths faces
its own tradeoffs, with no obvious winner in our view.

Finally, although we have focused on integrated
photonics for coherent frequency-bin processing—i.e., as
qubits and qudits—we recognize the historical and well-
deserved leadership of path-encoded qubits for on-chip
quantum photonics. Given the ability of frequency bins to
blend smoothly with other on-chip DoFs (Section 4), it is
likely that the capabilities summarized here can play impor-
tant roles even for qubits encoded in other DoFs, where the
goal might be to utilize frequency differences (as in multi-
plexing [167]) or to erase them (as in photon interference
[142]). Accordingly, the future of frequency bins appears
extremely promising in on-chip quantum photonics—in
whatever assignment they are asked to complete.
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