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Discrete frequency modes, or bins, present a blend of opportunities and challenges for photonic quantum information
processing. Frequency-bin-encoded photons are readily generated by integrated quantum light sources, naturally high-
dimensional, stable in optical fiber, and massively parallelizable in a single spatial mode. Yet quantum operations on
frequency-bin states require coherent and controllable multifrequency interference, making them significantly more
challenging to manipulate than more traditional spatial degrees of freedom. In this mini-review, we describe recent
developments that have transformed these challenges and propelled frequency bins forward. Focusing on sources,
manipulation schemes, and detection approaches, we introduce the basics of frequency-bin encoding, summarize the
state of the art, and speculate on the field’s next phases. Given the combined progress in integrated photonics, high-
fidelity quantum gates, and proof-of-principle demonstrations, frequency-bin quantum information is poised to emerge
from the lab and leave its mark on practical quantum information processing—particularly in networking where fre-
quency bins offer unique tools for multiplexing, interconnects, and high-dimensional communications. © 2023 Optica
Publishing Group under the terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.506096

1. INTRODUCTION can be readily parallelized and measured via dense wavelength-
Electromagnetic modes—i.e., solutions to Maxwell’s equations for division multip ‘lexing (DWDM) tech.nf)logy »and s aut?matically
a specified system—offer a virtually limitless palette for encoding produced by either bulk optical cavities or compact integrated
and transmitting data. By populating these modes with photons,
information can be carried over global distances and beyond,
facilitated in the optical regime of the electromagnetic spectrum
by both the ubiquitous fiber-optic infrastructure [1] and a grow-

ing toolkit of free-space optical communication technology [2].

microring-based light sources.

Quantum information processing (QIP) in frequency bins
requires three basic capabilities: (i) production of quantum states
in discrete spectral modes; (ii) manipulation of quantum states
through quantum operations, or gates; and (iii) detection of pho-
tons resolved by their spectro-temporal modes. State production
and computational-basis detection are inherently strong suits
of frequency bins: frequency entanglement appears naturally
in continuous-wave (CW)—pumped parametric processes, and
frequency-resolved detection is straightforward with DWDM

Moreover, when the information-carrying photons exhibit non-
classical statistics or correlations, as is the case for fixed-number
(Fock) states, squeezed quadrature states, and entangled photon
pairs, the modes of interest can carry guantum information as

well, as required for emerging applications in computing, sens- filters and wavelength-selective switches (WSSs). Nonetheless,
ing, and communications. Depending on the physical medium because frequency-bin quantum gates—and, by implication,
and geometry, a variety of degrees of freedom (DoFs) can be used projective measurements of multibin superposition states—entail
and potentially combined for defining these modes, including coherent and controllable mixing across multiple spectral modes,
polarization, path, transverse field, orbital angular momentum, state manipulation has historically proven a much greater challenge
time bins, short pulses, and—the focus of this mini-review— in this DoF than more traditional path or polarization paradigms.
frequency bins. Frequency-bin encoding, in particular, can support Recent years have witnessed remarkable progress in this regard,
very large Hilbert spaces, is naturally suited to transmission in however, with demonstrations of both nonlinear and electro-optic
single-mode optical fiber, is compatible with integrated photonics, mixing approaches for control of quantum frequency combs
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[3-6], including a complete paradigm for universal quantum
information processing known as the quantum frequency proc-
essor (QFP): a serial chain of electro-optic phase modulators and
Fourier-transform pulse shapers [7]. In light of these advances,
frequency-bin encoding is rapidly proving itself a promising frame-
work for quantum information, particularly in networking and
communications.

In this mini-review, we summarize the past, present, and future
of frequency-bin quantum information processing from both
theoretical and experimental perspectives. Our main goal is to
provide a comprehensive picture of research in frequency bins by
including results from a remarkably broad community working in
the same field but with different platforms and with different goals.
We believe that such a “specialized” mini-review will favor cross-
contamination within this community and, of course, stimulate
others to join it. Beginning in Section 2 with a tutorial on the basic
features and considerations of frequency-bin quantum processing,
we then overview the state of the art in Section 3. Our educated
guesses for the future follow in Section 4, in which we envision
photonic integration and applications in quantum interconnects
as especially exciting developments on the horizon. Throughout
our discussion, the triumvirate of production, manipulation, and
detection will provide a useful taxonomy for classifying advances
and challenges in this field.

To maintain a manageable scope, we concentrate on the inter-
section of frequency-bin modes (defined by well-separated spectra)
and discrete-variable (DV) encoding (qubits or qudits carried by
single photons). Related but distinct time—frequency approaches
have also received growing attention in recent years, such as dis-
crete frequency bins in the continuous-variable (CV) regime
[8-13] and pulsed modes that overlap in both time and frequency
[14-22]. For those interested in learning more about these top-
ics, we recommend several excellent reviews [12,16,20-22] for
further information. Finally, although frequency-bin encoding
can support applications across the QIP spectrum of computing,
sensing, and networking, its synergies with classical lightwave
communications suggest unique potential in quantum networking
specifically. While our outlook in Section 4 accordingly favors
communications and networking, omission of other applications
should notbe construed as a critique of frequency bins in these QIP
fields, but rather is a matter of prioritization in this short review.

2. TUTORIAL
A. Sources

In its typical architecture, the frequency-bin DoF consists of a
comb of equispaced and nominally identical spectral modes cen-
tered at frequencies w, = wp + nAw (n € Z), to each of which
can be added (subtracted) a photon through application of the
appropriate creation (annihilation) operator 4 (2,). Although
the definition of a “bin” is somewhat flexible and can vary with
context, the key feature for our purposes is that each spectral
mode is clearly separated from its neighbors, i.e., resolvable with
no appreciable overlap. Thus, the state of a pure frequency-bin
qudit—d-level carrier of quantum information—can be written
as a superposition |V) = Zj;é c ]fz}|vac), where |vac) denotes
the vacuum state over all modes, and Zj |c]-|2 =1. The rela-
tive ease of generating frequency entanglement is a key reason
for the interest in the frequency-bin DoF Indeed, spontaneous
parametric downconversion (SPDC) or spontaneous four-wave
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mixing (SFWM) with a CW pump naturally produces broadband
frequency-entangled photons [23-26], with exceptionally high
efficiency when leveraging copolarized and single-spatial-mode
waveguide processes [27-29]. In fact, frequency entanglement is
so easily produced that arguably more research has been invested
in erasing it than producing it, a feat possible through a judicious
combination of pulsed pumping and phase-matching conditions
[30-33].

By incorporating spectral filtering either during or after the
generation process, the continuous broadband entanglement
from CW-pumped SPDC or SFEWM can be converted to discrete
frequency bins. SPDC followed by an etalon [34-38], SPDC
within a cavity [34,39—41], SPDC in a domain-engineered crystal
[42], and SFWM in microring resonators (silicon [43—47], Hydex
[48-52], SiN [53-57], AlGaAs [58], and AIN [59]) have all been
used to generate frequency-bin-entangled states that—compared
to their spectrally continuous predecessors—are better matched to
low-bandwidth (ns-scale) detection methods leveraging spectral
demultiplexing, reach higher brightness (efficiency per unit band-
width) whenever the nonlinear medium is placed inside the cavity,
and can prove significantly more compact with microrings.

Figure 1(a) depicts these approaches for generating frequency-
bin-entangled pairs of signal and idler photons of the form
W) = Zf;rzul cjﬁjflij |vac), where we have assumed energy
conservation based on a pump centered at 2wy (wg) for SPDC
(SFWM). As an example, a two-qubit Bell state | W) oc [01) 5, +
[10) 57 can be prepared by symmetrically selecting four bins from
the SPDC/SFWM spectrum, where the basis states |01)s; and
[10)s; correspond to two pairs of signal-idler frequency bins—
e.g., the jth bin pair and the (j + 1)th bin pair. It is important
to point out that, while spectral entanglement is desirable for
frequency-bin QIP, both CW and pulsed configurations still prove
useful. The case of a narrowband pump (relative to the bin width)
implies the existence of an entanglement substructure, which we
show schematically in Fig. 1(a) as lines within each bin (not to
be confused with actual resonant behavior) and intra-bin spec-
tral correlations in the top joint spectral intensity (JSI). On the
other hand, a broadband pump with properly chosen bandwidth
can in principle eliminate these correlations [33,62], leaving a
JSI comprising circular islands of spectrally unentangled peaks,
i.e., separable in the sense that the intra-bin frequency of one pho-
ton is uncorrelated with that of the other [bottom JSI in Fig. 1(a)].
In experiments focused on individual photon pairs where sub-bin
structure is unresolvable by the detection process, accounting for
the intra-bin entanglement is often unnecessary for describing the
results, and can be approximated by the pure bin picture [63-65].
On the other hand, in experiments requiring interference between
photons from independent pairs, this intra-bin entanglement
can significantly degrade purity. In this case, the ultimate goal
is to erase spectral entanglement within the defined frequency
bins, but retain strong spectral entanglement across multiple
bins—a situation possible when the pump bandwidth exceeds
that of an individual bin, yet is much smaller than the bin spacing

[49-51,606,67].

B. Manipulation

The inherent compatibility of frequency-bin encoding with
spectral demultiplexing points to a related, though more general,
technique for frequency control: Fourier-transformation pulse
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Basic frequency-bin concepts. (a) Sources. Frequency-bin-entangled photons can be produced by a nonlinear medium paired with a resonant

structure or engineered phase-matching, excited by either CW or pulsed lasers. (b) Manipulation. Parametric nonlinear processes and electro-optic modu-
lation enable controllable spectral operations, as exemplified by frequency-bin beamsplitters based on BS-FWM [60] and the QFP [61], respectively.
(c) Detection. Available techniques enable measurements in both logical and superposition bases. For (b) and (c), the amplitudes resulting from input states
wy (orange) and w; (blue) are traced through by color. [The slight shifts in the orange and blue curves for the second and fourth cases in (c) serve as visual

aids only.]

shaping [68,69]. By spatially separating the frequency compo-
nents of a broadband optical field with, e.g., a grating or prism,
focusing them onto a spatial light modulator, and recombining
them through a second prism or grating, arbitrary spectral filters
can be synthesized, enabling shaping of fs-level features in the
optical field. In the quantum domain, pulse shaping of entangled
photons was demonstrated first in 2005 [70], followed by further
extensions leveraging homebuilt free-space pulse shapers [71-76]
and later commerecial fiber-pigtailed devices in the telecom C-band
(1530-1570 nm) [77-81]. From the perspective of frequency-bin
encoding specifically, the fact that the input spectrum of inter-
est contains bins that are clearly separated from their neighbors
implies that line-by-line pulse shaping can be invoked—a classical
technique in which each line of a frequency comb is individually
addressable, allowing for completely arbitrary fields that fill the
entire temporal period [82,83]. Thus, fully arbitrary filters (ampli-
tude and phase) are available to frequency-bin-encoded states, as
long as the spacing Aw comfortably exceeds the resolution of the
pulse shaper utilized.

Nevertheless, such filters are not by themselves sufficient for
QID, where one needs to be able to interfere frequency bins as well.
In principle, such interference can be realized through ultrafast
time gating. Indeed, in many of the early quantum pulse shaping

experiments, biphoton sum-frequency generation (SFG) without
an ancilla pump field was used to enable observation of sub-ps
features in the two-photon state [70,72,74-81]. But SFG suffers
from extremely low quantum efficiencies (~107> at best with-
out a pump [78]), making it impractical for QIP applications.
Alternatively, with sufficiently fast direct detection, one could
postselect on interference between multiple bins [84]. Yet this
approach is challenging with current detector jitters and thus has
not been implemented experimentally for typical bin spacings of
tens of GHz and beyond. Instead, experimental demonstrations
so far have focused on controllable spectral interference through
either nonlinear- or electro-optic approaches that provide the
operation of interest without temporal postselection.

Various nonlinear optical processes can produce frequency
coupling, interference, and conversion between different spec-
tral components, where classical pump fields enable near-unity
efficiencies in contrast to processes like biphoton SFG above.
However, for quantum applications, there are only a few x @
and x©@ processes that yield a unitary relationship between two
frequency components that do not add noise and are analogous
to a beamsplitter transformation. These processes are known as
quantum frequency conversion (QFC). For the case of a x?
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interaction, the process of sum-frequency conversion or paramet-
ric downconversion with one of the low-frequency components
serving as a pump field results in the following unitary relation
between the input and output amplitudes of the two other fields
(here two generic frequency bins j and 4):

ﬁ‘;ut cos Oz ¢’ sin Oy ﬁi].“ W
agt —e ®sinOy;  cosOng fzikn ’
where ﬁ;“k and 29 are the input and output annihilation

operators, with the higher-frequency bin historically denoted
as the “signal” and the lower-frequency bin the “idler”; Oy, is the
nonlinear parameter that depends on the pump amplitude, the
length of the interaction, and the nonlinear susceptibility; and
¢ is the relative phase among the three fields. Similarly, for x
interactions, the process of Bragg-scattering four-wave mixing
(BS-FWM) with two strong pump fields leads to an identical rela-
tion [Eq. (1)] where the nonlinear parameter depends on x @ and
the product of the two pump-field amplitudes [85].

A key advantage of using such nonlinear optical interactions is
that the frequency separation between the fields can be tuned from
a few GHz to >10 THz and even span the visible to mid-infrared
regimes. Such QFC can be valuable not only for converting single
photons and quantum states of light back and forth between quan-
tum memories in atoms and diamond color centers (from nitrogen
and silicon vacancies) in the near infrared to the telecommunica-
tions bands in optical fibers where the losses are low, but also for
performing quantum logic operations on frequency qubits [60].

QFC based on nonlinear interactions was first described by
Kumar [86] using a x? process and observed in bulk potassium
titanyl phosphate (KTP) [87]. This was extended to periodi-
cally poled lithium niobate (PPLN) waveguides [15,17,88-92]
with internal conversion efficiencies as high as 90% [88]. More
recently, high QFC efficiencies have been demonstrated in tightly
confining PPLN waveguides to realize chip-based single-photon
detection [93]. Such x@ systems have also been used to facili-
tate long-distance entanglement transfer [94-98] and connect
quantum memories via optical fibers [99-103]. For the case of
x @ interactions, BS-FWM does not require the use of a medium
with inversion symmetry and thus can be realized in various pho-
tonic platforms consisting of amorphous materials including
optical fibers [104], as first demonstrated by McGuiness et al.
[105], and in chip-based waveguides. Experiments using optical
fiber at liquid nitrogen temperatures to avoid Raman noise have
demonstrated internal QFC efficiencies as high as 99% [60,1006].
Experiments in SiN chip-based devices [107-109] have demon-
strated QFC efficiencies as high as 60%. Additional experiments
in SiN microresonators showed QFC of a quantum dot that was
fiber-coupled to the chip [109].

While most experiments on QFC—including recent efforts in
novel media such as hydrogen-filled hollow-core fibers [110]—
have focused on demonstrating high efficiencies for spectral
translation, studies [60] did explore the concept of using QFC
to realize a frequency qubit for quantum logic operations whose
state could be generated and manipulated through QFC processes.
Further work showed that by using multiple pump waves to extend
coupling between multiple signals and idlers, it was possible to
realize a bosonic N-level system [111] and frequency-domain
boson sampling [112].

Electro-optic phase modulators (EOMs) provide another
avenue for controllable spectral interference. A longstanding
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component in lightwave communications [113], EOMs rely on
the electro-optic effect of materials such as lithium niobate to
modulate the phase of an optical field according to an applied
radio-frequency (RF) voltage. As linear devices (from the perspec-
tive of the optical domain) EOMs transform single-photon states
with the same efficiency as bright classical states; after the first the-
ory and experiments on single [114,115] and entangled photons
[116-119] were reported in 2008-2010, follow-up experiments
have expanded to manipulation and measurement techniques such
as temporal gating [120], time lensing [121,122], and spectral
shearing [123].

In the case of frequency bins, an EOM driven by a waveform
periodic at the mode spacing Aw can be viewed as a spectral
interferometer, with mixing coefficients determined through the
Fourier expansion [116,124,125]. By themselves, the presence of
both upper and lower sidebands prevents EOMs from implement-
ing arbitrary unitary operations in a finite-dimensional Hilbert
space, even in theory [61]. Although unwanted sidebands can
be removed at the expense of flux, either through direct spectral
filtering [126] or Mach—Zehnder interference as in single-sideband
modulation [127], joining EOMs with pulse shapers in series
allows residual sidebands to be returned to the subspace of interest
through sequential interference, enabling the scalable synthesis
of truly arbitrary frequency-bin unitaries with in principle 100%
efficiency [7]. Dubbed the “quantum frequency processor” (QFP)
[63], this approach has been leveraged in a variety of experimental
demonstrations, as discussed further in Section 3.B below.

To elucidate the distinct principles through which nonlinear-
and electro-optic methods approach frequency gate synthesis,
Fig. 1(b) depicts the spectra resulting from an input at wy (@) in
orange (blue) for the 50/50 frequency beamsplitter, or Hadamard
gate. Mathematically, such an operation can be expressed by a
2 x 2 transformation matrix:

1
Umzﬁ(} _11>, @

mapping the basis states, |0) (wo) and |1) (@), to two equal
superposition states. We have chosen the standard definition
of H, which deviates from Eq. (1) with Oz, @) = (/4, )
only in terms of a trivial phase convention; regardless, the phase
between the output frequencies from a such a beamsplicter differs
by 7w depending on the input (either wy or wy). Yet while both
paradigms lead to the same outputs, they do so in markedly dif-
ferent ways. BS-FWM relies on the continuous transfer of energy
from one bin to the other, the amount of which is controlled by
Oniz. On the other hand, the QFP inidally spreads input photon
probability amplitudes into adjacent sidebands with the first EOM
(spectra shown); then by applying appropriate line-by-line phases
on the pulse shaper and traversing the second EOM, the desired
two-mode output is obtained.

C. Detection

Onceafrequency-bin quantum state is generated and manipulated
as desired, some form of quantum measurement is required to
either validate the operation (e.g., via tomography) or complete
a desired QIP protocol. Figure 1(c) displays several of the main
approaches available for frequency-bin measurement, depicting
their responses to the superposition states in Fig. 1(b) as a concrete
way to distinguish their strengths and weaknesses. For sufficiently
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small Aw (relative to detector jitter), one can directly measure
the interference fringes in the single- or two-photon wavepacket
[40,128-130]; this can distinguish between the two superpo-
sition cases in Fig. 1(c) through time shifts in the interference
fringes. However, if the bin-spacing is large, these fringes are
washed out and any phase-dependent differences vanish. When
Aw aligns with multi-GHz spacings common on the DWDM
grid, one straightforward measurement procedure simply demul-
tiplexes the different bins to unique detectors. While valuable for
computational-basis measurements, phase differences again prove
undetectable.

Discriminating between superposition states with slow detec-
tors is possible, however, by preceding the demultiplexer with
controllable interference [using either the nonlinear or electro-
optic techniques displayed in Fig. 1(b)]. We show a possibility
using the EOM tuned to interfere @y and w; with equal weights.
In this case, the two superposition states do present unambiguous
detection signatures: the equal-phase case (orange) emerges as g
while the 77 -phase-shifted case (blue) as w;. The EOM’s ability to
facilitate projective superposition measurements has enabled full
quantum state tomography of a variety of frequency-bin entangled
states, either with muld-EOM QFPs [63,131] or single EOMs
followed by filters or demultiplexers [46,47,50,55,57,132]. One
final measurement approach of note leverages frequency-to-time
(FTT) mapping using dispersion (long fibers or chirped fiber Bragg
gratings) [32,133,134]. This technique provides the same infor-
mation as frequency demultiplexing—i.e., spectral amplitude, but
not phase—yet offers the practical advantage of requiring only one
detector for all bins per photon.

As an aside, spatial Hong—Ou—Mandel (HOM) interferometry
[135]—as distinguished from spectral HOM in Section 3.B—
has also been shown to be sensitive to the spectral phase of two
frequency-bin qubits, making it useful for entanglement verifica-
tion [136-141]. (Incidentally, to our knowledge, Ref. [138] was
the first paper to coin the term “frequency bin.”) Yet because this
spatial HOM method requires the two photons to occupy the same
pair of bins and does not extend to qudits [142], it is somewhat
less general than the four methods we have focused on here, for
which the key takeaway is: while spectral amplitude measurements
are straightforward (with either demultiplexing or FTT map-
ping), phase measurements require either fast detectors or spectral
interference.

3. STATE OF THE ART
A. Sources

In the current landscape, the generation of frequency bins hinges
primarily on SPDC and SFWM. The former approach, based
on SPDC, is commonplace in bulk quantum systems and pre-
dominantly uses PPLN [119,132,139,143—145] or periodically
poled potassium titanyl phosphate (PPKTP) [11,42,146], offer-
ing extensive versatility in terms of applications and wavelength
ranges. Owing to the high efficiency of second-order nonlinear
interactions, the generation efficiency in SPDC-based systems
is typically on the order of 10 kHz/mW. This efficiency leads to
coincidence counts from a few Hz/mW to 100 Hz/mW depending
on the photon collection efficiency and the specific experimental
apparatus. As usual with parametric sources, a compromise must
be struck between count rate and the coincidence-to-accidental
ratio also in the generation of frequency bins.
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When using SPDC, frequency bins are usually generated using
Fabry—Pérot cavities, in which the free spectral range (FSR) has
varied from some 500 MHz [143] to 25 GHz [63] in experimental
examples, depending on the cavity geometry. These are the systems
in which the largest Hilbert spaces with frequency bins have been
demonstrated, with generation in up to 60 different modes [11].
Although the majority of implementations are focused on the
telecom C-band, periodic poling can be engineered to operate at
very different wavelengths, including the telecom O-band (1260-
1360 nm) [145]. In addition, the signal and idler beams can be
designed to operate in the telecom and visible ranges, respectively
[143]. Finally, in bulk systems, the resonance linewidth can easily
reach a few MHz, facilitating interface with atomic memories
[143]. These versatile characteristics of SPDC-based systems
make them an invaluable tool in the burgeoning field of quantum
information science.

In contrast, SFWM-based approaches are primarily imple-
mented in integrated platforms, which can provide the temporal
and spatial confinement required to enhance SFWM and ensure
sufficient generation efficiency. SFWM is also particularly
appealing for integrated platforms owing to its compatibility
with complementary metal-oxide—semiconductor (CMOS)
devices. Frequency bins have been generated in Hydex [48-52],
SiN [54,55,57,147], and silicon [46,47,148] ring resonators,
exhibiting pair generation typically of around 1 MHz/(mW)? or
higher.

In integrated devices, frequency-bin spacings can vary from a
few GHz to a few THz. However, the detection techniques (as dis-
cussed in Section 2.C) have currently limited the bin spacing of a
fully characterized on-chip system to 200 GHz due to the available
electro-optic bandwidth [50]. When photons are generated in a
single ring resonator, there is a trade-off between the bin separation
and the resonator’s FSR; smaller FSRs are associated with lower
generation rates [149]. However, by employing multiple ring res-
onators one can control the bin spacing on-demand using thermal
shifters [47]. In this case, the minimum frequency-bin distance
is only limited by the resonance linewidth, that is, by the quality
factor of the resonator. Today, there have been demonstrations of
entanglement in up to eight pairs of frequency-bin modes [57] for
integrated devices. The compatibility with CMOS technology and
the ability to generate and control frequency bins in the telecom
wavelength range with high efficiency make SFWM a significant
player in QIP. In the majority of experiments reported to date,
sources utilizing either SPDC or SFWM methodologies have been
pumped using a CW laser. This is because long interaction lengths
(as in PPLN waveguides) or resonant field enhancements (as in
ring resonators) guarantee a sufficient generation rate. However,
these sources can also operate using pump pulses [49-51,67], an
approach that has a specific utility. The use of pump pulses is essen-
tial to eliminate quantum correlations within each frequency bin,
a requirement crucial for exploiting the interference of multiple
pairs.

The generation of frequency bins through SPDC or SFWM
naturally results in entanglement with negative spectral correla-
tions [cf. Fig. 1(a)], which originates from the principles of energy
conservation, phase-matching conditions, and the presence of
resonant field enhancement. Yet, in the last few years, there has
been substantial progress in designing sources capable of directly
generating specific entangled states, circumventing the need for
subsequent manipulation of the produced state. This has been
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achieved by modifying the spatio-spectral properties of the pump
[47,132,150], tailoring the phase-matching function through
domain engineering [42], or fabricating a source with multiple
nonlinear elements. In the last approach, the state is constructed
“piece-by-piece,” leveraging the coherent superposition of either
SPDC [139] or SFWM [46]. This approach is particularly effective
in integrated devices, in which reconfigurability is a sought-after
attribute. By employing tuning elements, such as micro-
heaters, precise control and on-demand reconfiguration can be
achieved [46].

In Table I we summarize all the previous considerations and the
state of the art in terms of material platforms, wavelength of opera-
tion, frequency spacing, and generation bandwidth. The examples
shown are not intended to be exhaustive, but rather representative
of the variety in this field, from which it is clear that frequency bins
are a flexible and valuable DoF to encode quantum information in
aplethora of systems.

B. Manipulation

Introduced in Section 2.B, the frequency beamsplitter can be
viewed as the quintessential frequency-bin gate in terms of its
importance and influence in establishing and advancing the state
of the art in this field. A successful frequency-bin Hadamard
overcomes the fundamental challenge of frequency-bin manipu-
lation: while applying phase shifts is easy (just use a pulse shaper),
controllable interference is not, especially when compared to
alternative DoFs such as path or polarization where beamsplitters
and waveplates are readily available. Consequently, the beam-
splitter functions as perhaps the simplest nontrivial frequency-bin
operation.

Moreover, the frequency beamsplitter enables demonstration
of frequency-domain HOM interference [152], as depicted in
Fig. 2(a): when two photons enter the device, one at wy and the
other at w;, quantum interference causes the photons to bunch,
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Fig. 2.  Frequency-bin HOM. (a) Through quantum interference,
single photons entering a frequency beamsplitter in distinct bins
can coalesce, suppressing cross-spectral coincidences at the output.
(b) Beamsplitters based on x @ (DFG/SFG) [153], electro-optic (QFP)
[63], and x©® (BS-FWM) processes [56] have all observed this behavior.
Images reproduced with permission from Springer Nature [153] and the
American Physical Society [56].

i.e., emerge as a superposition of both at @y and both at w;. The
probability to measure them at different frequencies is ideally zero,

the degree of which can be quantified through the visibility V,

Table 1. Frequency-Bin Sources’

Bandwidth (#
Refs. Platform Wavelength(s) Bin Spacing Probed Modes) Pump
[144] PPLN/WG/PS C-band 22 GHz ~40 nm (16) CWat773 nm
[63] PPLN/WG/FP C-band 25GHz >20 nm (50) CWat774 nm
[145] PPLN/WR C-band 12.5GHz >100 nm (16) CW at 780 nm
[143] PPLN/FP 1436 nm/606 nm 423 MHz N/A (2) CW at426 nm
[146] PPKTP/WG/FP O-band 5GHz ~1.4 nm (19) CWat658 nm
[42] 8b-KTP/DE C-band 500 GHz >30 nm (8) 1.2 psat778 nm
[150] AlGaAs/WG/FP C-band ~30 GHz ~1 nm 6psat773 nm
[50] Hydex/MRR C-band 200 GHz >40 nm (10) 570 psat 1550 nm
[52] Hydex/MRR C-band 50 GHz ~23.6 nm (59) CWat 1550 nm
[54] SiN/MRR C-band 385 GHz ~50 nm (6) CWat 1551 nm
[55] SiN/MRR C-band 49.6 GHz ~32 nm (38) CWat 1551 nm
[151] SiN/MRR C-band 97.8 GHz ~35 nm (6) CWat 1550 nm
[57] SiN/MRR C-band 40.5 GHz >33 nm (49) CWat 1551 nm
[147] SiN/MRR C-band 199 GHz >7.5nm (3) CWat 1550 nm

(integrated)

[46] Silicon/MRRs C-band 19-57 GHz ~40 nm (2) CWat 1550 nm
[47] Silicon/MRRs C-band 15GHz ~40 nm (4) CWat 1550 nm

‘Summary of the state of the art of the sources for the most popular material platforms. The platform column indicates the material and the filtering geometry (DE,

domain engineering; FP, Fabry—Pérot; MRR, microring resonator; PS, pulse shaper; WG, waveguide; WR, waveguide resonator). We report the generation bandwidth
(when available) and the number of modes that have been investigated, but omit brightness due to the difficulty in standardizing results across the reference list in a

meaningful way.
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obtained by comparing the coincidence rate at maximal overlap
to the case when quantum interference is eliminated (either due
to temporal mismatch or detuning the beamsplitter). Figure 2(b)
shows three experimental results: a x ® beamsplitter relying on
difference- and sum-frequency generation (DFG/SFG), attaining
VYV~ 0.71 [153]; a QFP beamsplitter, reaching V ~0.97 [63];
and a BS-FWM beamsplitter, demonstrating V ~0.95 [56].
(A probabilistic electro-optic version has also been realized, for
which V = 0.84 was observed after accidental subtraction [126].)
Interestingly, the deviation from VA~ 1 in many of these exper-
iments has been attributed to multiphoton noise and not the
beamsplitter operation, indicating that these results are limited
primarily by the input state rather than the frequency-bin gate
itself. Frequency-bin quantum process tomography, as recently
pioneered on the QFP beamsplitter [6], offers a valuable future
direction to further clarify and isolate sources of noise in all of these
instantiations.

These HOM results not only confirm successful beamsplitter
operation, but they do so via an authentic nonclassical effect
that thus substantiates the quantum compatibility of the gate.
Nevertheless, spectral HOM interference only scratches the surface
of possibilities for frequency-bin state manipulation. For example,
two frequency beamsplitters separated by a phase shift can be
used to produce a Mach—Zehnder interferometer [154], the basic
idea behind Ramsey interference of single frequency-bin qubits
[60]. Similarly, a frequency beamsplitter applied to the pump
photons before SPDC/SFWM can be leveraged to produce two-
photon energy correlations not possible with a single-line pump,
i.e., exciting the pair-production process with multiple coherent
pump lines (whether generated by a frequency beamsplitter or
extracted from a frequency comb) can produce entangled photons
whose frequencies are positively correlated—rather than negatively
correlated as demanded in CW pumping [Fig. 1(a)]. These ideas
recently enabled production of all four frequency-bin Bell states
in a fixed set of four frequency bins as shown in Fig. 3(a) [132].
Extending beyond beamsplitters, the QFP paradigm has led to the
demonstration of a coincidence-basis controlled-NOT gate [64],
which—along with the single-qubit Hadamard and phase gates—
formally defines a universal gate set for linear-optical computing

(a) Singi;l{.)ine DlljpeLI—nL]:)ne (b)
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in frequency bins [7,157]. And with both arbitrary single-qubit
unitaries [155] and parallel two-photon gates realized to date [63]
[Fig. 3(b)], the QFP appears well positioned for reconfigurable and
parallelizable state control in quantum communications.

The realization of parallel gates spanning many frequency
bins [61,63,158] points to the wider opportunity for manipu-
lating high-dimensional qudits as well. High dimensionality
represents one of the inherent advantages of frequency-bin encod-
ing, although it is important to recognize that qudits do not
circumvent the fundamental challenges associated with scal-
ing QIP systems. The Hilbert space dimension D for 7 d-level
qudits is D = d”; thus, increasing 4 leads only to a polynomial
increase in dimensionality, compared to the exponential scaling
associated with #—it is this latter behavior that underpins the
exceptional scaling of quantum computation. Notwithstanding,
the extra information carried per photon in the qudit context
does provide practical advantages in quantum communications,
such as improved robustness to noise [159,160] and stronger
Bell-inequality violations [161]. The first experimentally real-
ized high-dimensional frequency-bin gate was the tritter—the
3 x 3 extension of the beamsplitter—synthesized on a QFP
driven by a dual-tone RF signal (sinewaves at Aw and 2Aw)
[61]. By leveraging the expanded set of tools available for time-
bin manipulation (e.g., delay interferometers), frequency—time
hyperentanglement has opened up additional opportunities
for high-dimensional state control, including deterministic
controlled-unitaries that have been used for generating ultrahigh-
dimensional Greenberger—-Horne—Zeilinger states [144] and
d-level cluster states [5,162].

C. Detection

A promising trend in frequency-bin state detection has appeared
in recent years, which attempts to exploit nonstandard features
of frequency-bin interference—aspects that have previously been
viewed as roadblocks for implementing quantum measurements—
and build custom characterization methods that leverage them
directly. For example, while RF arbitrary waveform generation
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with up to ~25 symbols per period at Aw /27w 2 10 GHz is pos-
sible with state-of-the-art direct digital synthesizers [163], it is
significantly more expensive and challenging to implement than
low-noise sinewave modulation. By the Jacobi—Anger expansion,
single-frequency phase modulation with amplitude & corre-
sponds to the Fourier series gi8sin szzziioo T (8)e Bt
for frequency-bin measurement, sinewave modulation there-
fore interferes bins separated by nAw according to the Bessel
function weight /,(8). For high-dimensional measurement
in particular, the nonuniform oscillatory behavior and infinite
support (in 7) of these Bessel functions deviate strongly from
uniform 4-dimensional mixing desired for measurements in,
e.g., bases mutually unbiased with respect to the computational
basis [164,165].

The QFP addresses this challenge through a cascade of EOMs
and pulse shapers, which has enabled realization of a variety of
frequency-bin gates with high fidelity and success probability—
all with sinewave modulation so far (single- or dual-tone) [6].
Alternatively, in the simpler application of projective measure-
ments (as distinct from d x d gates), preceding the EOM in
Fig. 1(c) with a pulse shaper can precompensate for unequal mix-
ing weights through Procrustean amplitude filtering [50,55]. Both
approaches tackle the “Bessel function problem” through addi-
tional components that increase complexity and add loss—loss
that in the Procrustean version is not only technical, but intrinsic.
Yet recent work has discovered that leveraging the unequal Bessel
function weights as-is still provides valuable information into the
frequency-bin quantum state. Recognizing that tuning the modu-
lation index 8§ produces a quantum walk in the frequency domain
[156,166], markedly different energy correlations have been
observed by initially in-phase frequency-bin-entangled photons
(enhanced ballistic transport) compared to those with alternat-
ing 7w phase shifts (biphoton energy bound state), as shown in
Fig. 3(c) [150].

The hypothesis that similar phase-dependent behavior could
be sufficient to work backward and infer properties of the state
has recently been leveraged for both entanglement certification
[167] and complete tomography [57] of frequency-bin states.
In the latter case, spectrally resolved coincidences obtained from
randomly chosen modulation indices § combined with Bayesian
inference techniques enabled full density matrix reconstruction of
the output from a SiN microring, consisting of entangled qudits
up to 4 = 8 bins each—a 64-dimensional Hilbert space [Fig. 3(c)].
Such spectral interference phenomena can be used for characteriz-
ing features of quantum channels as well, as shown experimentally
for dispersion measurements [168] and nonlocal delay sensing
[169]. Incidentally, these latter two examples exploited relatively
wide frequency bins generated by SDPC followed by spectral
filtering with a pulse shaper, for which the ratio of bin spacing
to bin width (finesse) was only ~2—3, highlighting the general
applicability of these interference techniques to platforms that
deviate strongly from the high-finesse cavities typically associated
with frequency-bin encoding. Add to these examples the use of
RF-detuned Vernier modulation to temporally magnify inter-
ference otherwise lost in detector jitter [67], and frequency-bin
characterization efforts continue to show an ability to expand and
thrive within the confines set by the Jacobi—Anger expansion.
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4. FUTURE SPECULATION
A. On-Chip Integration

Thus far, we have seen significant advances in tools that can
manipulate frequency-bin-encoded photons with remarkable
precision. These seminal experiments have validated many of the
essential functionalities for general QIP tasks. However, the cur-
rentstate of these experiments is limited to small-scale systems with
a restricted number of dimensions and particles, highlighting the
need for further research to scale up these approaches. For instance,
there exists a substantial gap between the seemingly unbounded
dimension of frequency-bin entanglement in photon sources and
the dimensionality that can be fully controlled. Although it has
been shown theoretically that QFP operations can be extended
to higher dimensions by adding extra RF harmonics to the EOM
drives [61,131], in practice the bandwidth of the EOMs and the
spectral resolution of the pulse shaper that defines the minimum
bin spacing set limits on the complexity of these operations. On the
other hand, deepening a QFP circuit serially by introducing extra
EOMs and shapers can address larger Hilbert spaces for a fixed RF
bandwidth [7]. However, this will inevitably introduce a significant
amount of optical loss, which presents an even greater challenge,
particularly in the realization of N-photon quantum gates whose
success probability scales like n”V, with 1 the total system efficiency.
Therefore, utilizing photonic integrated circuits either to minimize
optical loss or to realize photon sources that are more compatible
with existing RF capabilities (i.e., with reduced bin spacing), will
be crucial for realizing the full potential of the frequency DoE
Inspired by the path-encoded teleportation framework used to
organize a recent review of hybrid quantum photonics [170],
we kick off our discussion of future speculation by envisioning a
chip-based quantum teleporter for frequency-bin qubits (Fig. 4).
We will break down each chip into its various building blocks and
examine how some of the latest developments in the field could
potentially fulfill each of these functions.

As a fundamental protocol for long-distance quantum com-
munication, quantum teleportation is expected to play a pivotal
role in scalable quantum networks. In the ideal scenario, Alice
and Bob preshare a pair of entangled photons as a maximally
entangled state |WT) 5 [Fig. 4(a)], while Alice holds another
unknown input qubit |¢)¢ (IN) she wishes to teleport to Bob.
(This qubit could be generated by a single-photon source, and
perhaps frequency-converted to the telecom band; we refer the
reader to Refs. [175-177] for introductions to single-photon
source technology.) Alice measures her part of the entangled state
(photon A) and the input qubit (photon C) in the Bell basis with a
Bell state analyzer (BSA) [Fig. 4(c)], and upon successful detection,
transmits the measurement outcomes to Bob through a classical
communication channel. Finally, Bob retrieves his half of the
entangled pair (photon B) that he had previously stored in a quan-
tum memory [Fig. 1(d)] and applies a unitary operation [Fig. 1(e)]
selected based on Alice’s measurement outcomes, teleporting the
arbitrary inputstate |@) ¢ to his qubitas|¢) 5 (OUT).

1. Entangled Photon Sources

To contextualize the scheme within frequency-bin encoding,
we consider the preshared photon pair state in the Fock basis
as |‘~I’2‘B) o |14018,) +114,1p,), while the input qubit |¢) is
expressed as |@)c =alle) + Bllc,), where {Ay, A1, By, Bi,
Co, C1} represent six computational modes on the frequency
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tionality depicted in the central schematic. (a) Reconfigurable biphoton sources make use of coherently pumped multiple resonators [46]. (b) MRR-based
wavelength-division multiplexer [171]. (c) On-chip EOMs and MRR-based pulse shapers (QFP) [172]. (d) Integration of Er:LN crystal with SiN ring
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sion from IEEE [172], AIP Publishing [173], Springer Nature [174], an Optica Publishing Group Open Access License [171], and a Creative Commons
Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/) [46].

grid, in which up to one photon is present. In frequency bins,
we have the flexibility to place these modes in a way that is most
compatible with subsequent operations [64,65]. Such flexibility,
however, might be unattainable for photon sources based on a sin-
gle nonlinear medium, where the bin spacing is strictly fixed by the
resonator’s FSR. Accordingly, we advocate for the concept intro-
duced in Section 3.A [149], which utilizes the coherent pumping
of multiple cascaded microring resonators (MRRs) for control-
lable bin-by-bin synthesis. The specific configuration depicted in
Fig. 4(a) generates a coherent superposition of two nondegenerate
frequency-bin pairs from the first and second rings [46,148] where
the qubit bin spacing is determined by the FSR difference, which
allows for the generation of high-flux entangled states even at tight
spacing (<25 GHz). This scheme can be extended to additional
MRRs (with identical or distinct FSRs) to produce tunable qudit
(d > 2) states as well [47]. Exploring the integration of classical
frequency comb generators with quantum frequency sources like
the above—perhaps drawing on recent work combining a CW
pump laser with a quantum frequency comb via hybrid photonics
[147]—could make a spectrally tunable, state-reconfigurable, and
high-dimensional frequency-bin-entangled source possible on a
single chip.

2. Routing and Storage

In the concept of Fig. 4, photon B is sent to Bob’s chip, while
photon A is combined with the input qubit C. In a tabletop exper-
iment, multiple frequency modes can be combined or separated
using DWDM (de)multiplexers or WSSs to direct them to their
respective processing units. Nevertheless, MRR filters are more

viable options for wavelength management in integrated photonics
[178,179]. The resonances of each MRR can be precisely tuned
to dynamically match the desired frequency modes. Moreover, to
further suppress the crosstalk between adjacent channels, high-
order MRRs (i.e., multiple MRRs per frequency channel) can be
introduced to realize more box-like filter responses [180,181]. Asa
result, a multichannel high-order MRR filterbank [171] [Fig. 4(b)]
should be able to address tightly spaced frequency modes in a
reconfigurable fashion.

Upon arrival at Bob’s chip, photon B will ideally be stored
in a quantum memory and await the communication of the
Bell measurement outcome. Although storage and retrieval of a
frequency-bin qubit have not yet been demonstrated experimen-
tally, atomic frequency combs [143,182-184], gradient-echo
memories [185-187], and quantum dots [188] have been pro-
posed as possible candidates for storing frequency-bin quantum
states. Coupled with progress in integrating quantum memo-
ries with nanophotonics, such as rare-earth-doped materials
in a nanocavity [173,189,190]—the example highlighted in
Fig. 4(d)—the development of such memories would make a
complete quantum processing system based on frequency qudits
feasible. In any case, it will be critical to align the spectral content
of the frequency-bin qudit with the acceptance bandwidth of the
memory in question, in terms of both the individual bin width
and the total frequency spread. Spectral compression techniques
[121,191-194] could therefore prove quite useful for realizing a
memory bridging the potentially disparate bandwidths ideal for
DWDM transmission and those for atomic storage.
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3. State Manipulation

Tabletop QFPs have demonstrated high-fidelity single- and two-
qubit operations, such as the BSA [65] and single-qubit rotations
[155] for teleportation. However, fully integrated QFPs have the
potential to overcome limitations seen in tabletop setups, such as
high insertion loss—typically 2-3 dB and 4-5 dB for commercial
EOMs [195,196] and pulse shapers [197], respectively—and
limited spectral resolution (210 GHz). Figure 4(c) illustrates the
vision for such a device [172,198], which consists of a pair of inte-
grated EOMs bookending an MRR-based pulse shaper. On-chip
EOMs with low loss and large-scale photonic integration have
been a persistent challenge in traditional silicon photonics, given
the absence of an efficient electro-optic effect. Plasma dispersion
modulators have emerged as an alternative [199-201], but their
inherent loss limits their suitability for quantum applications.
However, recent advances in thin-film lithium niobate [202,203],
CMOS-compatible silicon-organic hybrid platforms [204-2006],
and III-V materials like (Al)GaAs [207,208] and InP [209,210]
offer promising opportunities for achieving high-speed integrated
modulators with low loss (<1 dB). In terms of pulse shaping, the
proposed design draws inspiration from previous classical demon-
strations [211-213], leveraging MRR filters for channel add—drop
operations and microheaters for phase shifts. Each pulse shaper
channel employs an MRR filter to download a single frequency
mode from the input waveguide, followed by a thermo-optic phase
shifter for the desired phase adjustment. Finally, another MRR
filter uploads the shaped frequency mode back to the common
output waveguide. More sophisticated designs, such as high-order
MRRs and racetrack-based filters [214,215], can further narrow
the filter passbands (and thus, the bin separation) to a few GHz
without significant loss (<1 dB), even with commercial foundries
[216,217]. As estimated by a recent theoretical study [172], cur-
rent technology should enable the fabrication of a CMOS QFP
comprising two EOMs and one pulse shaper with only ~5 dB
total loss, compared to the 12.5 dB previously observed with
discrete fiber-optic components [61].

In the pursuit of integrated QFPs, the focus lies on the on-chip
realization of key components, namely, EOMs and pulse shapers,
by exploring suitable material platforms that can accommodate
both functionalities. However, alternative approaches such as
coupled-cavity modulators [174,218-220] offer intriguing pos-
sibilities, as they have the potential to directly synthesize the target
frequency operations directly without a cascade of discrete ele-
ments. As an example, Fig. 4(e) shows a coupled-ring system that
supports symmetric (S) and anti-symmetric (AS) hybrid modes.
By applying sinusoidal microwave signals to the resonators, with
frequencies matching the two-mode splitting, energy transfer
between the modes can be achieved, effectively forming a tunable
frequency beamsplitter. This enables the synthesis of arbitrary
two-dimensional unitaries for frequency qubits by adjusting the
microwave power and phase accordingly, making such a device well
suited to the unitary feedforward step concluding the teleportation
protocol of Fig. 4.

4. RF Synchronization

All frequency-bin experiments so far have been performed under
local conditions in a single laboratory. In the case of electro-optic
gates, for example, this means that all EOMs have enjoyed access to
a single RF source distributed through comparatively short cables,

thus maintaining EOM-to-EOM jitters at levels sufficiently low
that they have produced no noticeable reduction on experimental
fidelities. Yet for the distributed communications and networking
tasks envisioned in the future of frequency-bin QIP—of which
the chip-to-chip teleportation in Fig. 4 is an example—some RF
reference must be shared across communicating nodes to ensure a
constant phase relationship between operations performed nonlo-
cally on the photonic state. A large body of work in fiber-optic time
and frequency transfer [221-223] offers a foundation that could
be leveraged for frequency-bin QIP as well, and commercial open-
source options like White Rabbit [224-227] have demonstrated
jittersaslowas 1.1 ps root-mean-square from 1-30 Hz (0.8 ps from
100-10,000 Hz) overa 10 km fiber spool [225].

For frequency bins, the spacing Aw implies that the node-
to-node RF jitter At should satisfy At < 27w /Aw. However,
quantitative tolerances for specific operations (fidelity versus
AT) have not been developed, leaving important open questions
regarding the RF synchronization architecture that will ultimately
be required for distributed frequency-bin processing. In particular,
the disparity in the cost and complexity of (i) as- and fs-scale-jitter
time transfer with frequency combs and active link stabilization
[221,223], (ii) sub-ps nonlocal delay sensing with entangled pho-
tons [169], (iii) few ps-scale jitter with White Rabbit [224,225],
and (iv) custom analog photonic links that might lie anywhere
along this spectrum [228] suggests a variety of potential futures for
scaling up frequency-bin quantum networking. Further analysis
and experimental tests on the jitter question will therefore prove
critical as this field continues to progress.

B. Quantum Interconnects

Interestingly, one of the original motivations for the QFP was
the development of quantum interconnects for spectrally hetero-
geneous matter qubits [7]—a promising frequency-bin application
that has yet to be fully realized. A quantum interconnect aims
to entangle physically separated quantum systems that cannot
directly interact, forming the basis of several quantum repeater
architectures and enabling the transfer of quantum informa-
tion; for example, the preshared entanglement required in Fig. 4
could be supported by interconnected matter qubits rather than
entangled photons, a situation valuable for unconditional telepor-
tation where each input state |¢) ¢ is teleported with unit success
[229,230]. While matter qubits are proficient in serving as quan-
tum memories and computing modules, photons play a unique
role as quantum information carriers, particularly in long-distance
networks. A crucial component of photonic-based matter qubit
interconnects is the entanglement swapping operation. First, pho-
tons are generated by exciting a matter qubit system in such a way
that the photon and matter qubit are entangled; e.g., the matter
qubit could exist in a coherent superposition of two levels, where
each level corresponds to some property of the emitted photon,
polarization being an archetypal example [231]. Then, photons
from two such systems can be brought together at a third loca-
tion, interfered, and measured in such a way to erase their origin
information. Through successful measurement, the initially local
entanglement is transferred to distant matter qubits. Depending
on the number of photons detected in the process [232,233], most
examples can be classified into type-I (Duan—Lukin—Cirac—Zoller
[234]) and type-II protocols [231,235,236]. Both protocols typ-
ically require photons with identical frequencies, which can be
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challenging to achieve for dissimilar matter qubits or qubits in
differentlocal environments.

In this section, we discuss how a QFP could effectively manage
this frequency mismatch by implementing the required frequency-
bin operations for both type-I and type-II quantum interconnects.
Such processing units may also prove useful for spectrally mul-
tiplexed quantum memories and networks [182,183]. One
overarching challenge of note is the general disparity in the
emission wavelengths of typical matter systems (~800 nm)
and state-of-the-art frequency-bin sources that, as highlighted in
Table 1, are dominated by C-band solutions (~1550 nm). Because
the pull between the spectral bands convenient for emitters and
for fiber-optic communications is not unique to frequency-bin
encoding but shared by quantum networking with any photonic
DoE we do not focus on this challenge specifically here; solutions
such as interband quantum frequency conversion [86,87,170]
are well-known and active areas of research. And although rel-
atively uncommon, explicit frequency-bin-entangled sources
directly compatible with atomic memories have been demon-
strated [128,129], indicating another profitable direction for
frequency-bin interfacing with matter systems.

1. Type-lInterconnect

In the original type-I paradigm [234], two separated matter qubits,
such as atomic ensembles in a lambda-type three-level configura-
tion, are coherently excited by a weak write pulse, leading to a low
probability of photon emission. To entangle the matter qubits,
the emitted modes are brought to a 50/50 spatial beamsplitter for
interference. Ideally, successful detection of one photon projects the
ensembles onto an entangled state. However, in the presence of fre-
quency mismatch, it becomes necessary to introduce a frequency
shifter or beamsplitter to eliminate the spectral distinguishability
between the two photons. Notably, in an early demonstration
[237] preceding even the advent of the term “frequency bin,”
entanglement between two distinct atomic species was achieved
using a single EOM to implement what amounts to a probabilistic
frequency Hadamard operation. Similarly, Ref. [182] employed
an EOM, this time through serrodyne modulation, to realize
frequency-selective recall from a multimode quantum memory.
We anticipate that the frequency beamsplitters illustrated in Fig. 2
will be valuable in both of these scenarios.

In addition, a type-I interconnect can be extended to gener-
ate W-state [238] entanglement of 4 > 2 qubits, where a single
excitation is shared among 4 spatially distinct ensembles. This
capability was initially demonstrated in path encoding [239,240],
where a multimode interferometer, consisting of a cascade of
beamsplitters and phase shifters, coherently mixed & =4 spatial
modes together. However, the scalability of the path-encoding
scheme is hindered by the strict requirements on optical phase sta-
bility, including both fiber links and pump lasers, across all distant
systems. Instead, we envisage a modified scheme based on spectral
encoding, as depicted in Fig. 5(a). In this scheme, we assume that
all d emission frequencies are disparate and tuned to one line in
a Aw-spaced grid. The nodes are collinearly coupled to a single
fiber-optic spatial mode, enabling interferometric stability as path
length fluctuations are shared by all bins. By propagating a single
pump pulse through the network, we can prepare an output state
consisting of a single-photon excitation in a polychromatic super-
position of all 4 frequencies, entangled with each matter qubit.
To coherently mix all the frequency modes, we can employ the

Vol. 10, No. 12 / December 2023 / Optica 1665

discrete Fourier transform (DFT) denoted by the matrix elements
Uy =d "? expQmikj/d) (k, j€{0,1,....,d—1}). If we
assume for concreteness that the photonic—matter state is prepared
in an equiamplitude, in-phase superposition, then post-DFT
detection of a photon at frequency w; will herald the entangled
W-like matter state |v;) = Zj’;é Upl0---01;0---0), where
each term signifies a single qubit j occupyinglogical |1) [defined as
the lowest energy level in the lambda scheme in Fig. 5(a)].

The use of DFT operations in frequency bins is especially
intriguing due to its promising scaling. For example, a three-
element QFP can realize a d-dimensional DFT without the
need for additional components such as pulse shapers or EOMs:
rather, the synthesis of one additional RF tone per dimension &
is sufficient, as demonstrated in simulations up to 4 =10 [131].
Furthermore, tabletop QFPs have already demonstrated high-
fidelity three-dimensional frequency DFT gates, also known as
frequency tritters [61,131]. With future integrated QFPs attaining
tighter spacings Aw, such as that discussed in Section 4.A.3, it will
therefore be possible to support higher-dimensional operations
under a fixed RF bandwidth, as the 4-point DFT under this con-
struction requires a maximum RF frequency proportional to both
dand Aw: (d — 1)Aw [131].

2. Type-IlInterconnect

Type-1I interconnects have been proposed for matter qubits that
exhibit strong coupling to photons, including cold atoms and ions
[231,235,236]. In contrast to type-I protocols, type-II protocols
involve the excitation of matter qubits with near-unity probabil-
ity, resulting in their quantum state becoming entangled with an
emitting photon that carries a qubit in two orthogonal modes, such
as polarization encoding with H/V states. The successful transfer
of entanglement to two distant matter qubits relies on entangle-
ment swapping operations that require the coincidence detection
of two photons [241,242], typically accomplished using a BSA.
However, conventional BSAs require that the photons be spectrally
indistinguishable, as any frequency mismatch can potentially pro-
ject the matter qubits onto a mixed state. Proposed techniques to
mitigate these effects include time-resolved detection followed by
active feed-forward operations [243,244], but their effectiveness is
ultimately limited by the temporal resolution of photon detection.

On the other hand, frequency qubits, which naturally com-
plement matter qubits like trapped ions [245], have historically
been overlooked due to the challenges associated with their
manipulation and control. However, the progress outlined in
this mini-review suggests that the potential of frequency qubits
can finally be unlocked and applied to type-II interconnects as
well. For example, consider the scenario of two identical ion trap
systems where emitting photons are frequency-encoded and share
the same spectral content. Here, entanglement swapping can be
achieved by mixing two photons at a spatial beamsplitter, followed
by spectrally resolved detections [140]. In more general cases
where slight differences in frequency transitions exist between
the matter systems [Fig. 5(b)], the participating photons con-
sist of four frequency modes: {w4, w4 + Aw} from system A,
and {wg, wp + Aw} from system B. To address this situation, a
solution based on frequency mixing can be employed, utilizing
two parallel, interleaved frequency beamsplitters to enable high-
fidelity Bell state measurements. Notably, these capabilities have
already been demonstrated on QFP circuits [65], highlighting
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Fig.5. Vision for frequency-bin quantum interconnects. (a) Type I. Spectrally tuned sources are excited by a copropagating pump laser, and the output is
sent through a QFP performinga d-point DFT (4 = 10 solution shown) [131]. The detection of a single photon heralds a 4-dimensional W state. (b) Type
I1. Sources emitting true frequency-bin qubits are multiplexed and fed into a frequency-bin BSA. A coincidence signifies that two matter qubits have been

entangled, with a specific state determined by the frequencies observed [65].

the potential of frequency qubits in facilitating efficient inter-
connects and entanglement operations. Unlike the type-I design,
type-1I interconnects do not require subwavelength phase sta-
bility (only that the interfering photons temporally overlap), so
we have not depicted the spectral version in Fig. 5(b) with matter
qubits coupled to a single waveguide, although such a configu-
ration is certainly possible. In the type-II case, the primary value
of frequency-bin encoding emerges in the BSA operation, which
can be realized in parallel on multiple pairs of qubits simultane-
ously in a single QFP and—subject to electro-optic bandwidth
limitations—can even be reconfigured to entangle different pairs
on demand through modifications to the drive frequency.

5. CONCLUSION

Tools for frequency-bin QIP have advanced rapidly over the last
few years, transforming frequency qubits from a scientific curiosity
into a practicable platform for quantum information. The trends
in sources, gates, and detection schemes outlined in this mini-
review point to a promising future in quantum communications
and networking. And while we have focused on photonic inte-
gration and spectrally multiplexed interconnects as particularly
auspicious directions for future development, other applications
in quantum networking appear ripe for frequency-bin encoding,
such as nonlocal delay sensing [169] and quantum key distribution
[246-249]. Moreover, irrespective of the level of adoption of full
frequency-bin encoding in future quantum networks, frequency
multiplexing will likely prove critical for scalability within a heav-
ily subscribed fiber-optic infrastructure, as already suggested by
entanglement distribution experiments [226,250-256] leveraging
frequency-multiplexed polarization entanglement and many of the
same tools (sources, WSSs) required for full frequency-bin encod-
ing. Accordingly, we are excited to see how the perception and

utilization of frequency bins may continue to evolve, and we hope
this review will inspire more researchers to enter and accelerate this
exciting field.
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