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each user when the wavelength-selective switch is programmed to operate as
a 1 : 4 power/beam splitter. (c) Coincidence rate between Alice and Bob
(SNSPD–SNSPD link) for all 12 channels. (d) Bell state fidelity for all 12
polarization-entangled channels computed using Bayesian mean estimation. . 88
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dashed lines denoting the possible ways in which nonclassical correlations in
polarization state may be shared. There are six unique user-to-user connec-
tions, or links, which have each been assigned a unique color. (a) Coincidence
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width on a fixed 48 GHz grid and following an alphabetical ordering of links.
The inset illustrates how the biphoton bandwidth is apportioned between all
six links. (b) Coincidence rates for a fixed 48 GHz grid, but with the allo-
cation of spectral channels reconfigured to harmonize (as best possible) the
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channel to 50 : 50 beam splitter BS. Single-photon interference is captured
by a single click from one of detectors D1, D2, which entangles the atomic
ensemble L and R through a delocalized atomic excitation. Source: Ref [  138 ] 95

4.6 High-level illustration of the principle of entanglement swapping. Two Einstein-
Podolsky-Rosen (EPR) sources each generate a pair of entangled photons –
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4.8 Experimental setup showing two ion-based quantum memories A and B, as
well as the respective optics for photon collection and conversion of the polar-
ization state to the rectilinear basis (HV ). Photons are coupled into fiber and
carried to a partial Bell state analyzer, which includes a spatial beam splitter
(50 : 50 BS), two polarizing beam splitters (PBSs), and photomultiplier tubes
(PMTs). Source: Ref [  145 ] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
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4.10 (a) A frequency mixing-based Bell state analyzer for photonic frequency
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tral modes. Here gray lines highlight the presence of frequency correlations
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A continuous-wave (CW) laser pumps a periodically-poled lithium niobate
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4.12 (a) Mode transformation spectra from experiments with classical light. The
left two spectra correspond to Hadamard transformation H0, which splits an
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ABSTRACT

Modern fiber-optic networks leverage massive parallelization of communications channels

in the spectral domain, as well as low-noise recovery of optical signals, to achieve high

rates of information transfer. However, quantum information imposes additional constraints

on optical transport networks – the no-cloning theorem forbids use of signal regeneration

and many network protocols are premised on operations like Bell state measurements that

prize spectral indistinguishability. Consequently, a key challenge for quantum networks is

identifying a path to high-rate and high-fidelity quantum state transport.

To bridge this gap between the capabilities of classical and quantum networks, we de-

veloped techniques that harness spectral multiplexing of quantum channels, as well as that

support frequency encoding. In relation to the former, we demonstrated reconfigurable con-

nectivity over arbitrary subgraphs in a multi-user quantum network. In particular, through

flexible provisioning of the pair source bandwidth, we adjusted the rate at which entangle-

ment was distributed over any user-to-user link. To facilitate networking protocols compat-

ible with both spectral multiplexing and frequency encoding, we synthesized a Bell state

analyzer based on mixing outcomes that populate different spectral modes, in contrast to

conventional approaches that are based on mixing outcomes that populate different spatial

paths. This advance breaks the tradeoff between the fidelity of remote entanglement and

the spectral distinguishability of photons participating in a joint measurement.

Finally, we take steps toward field deployment by developing photonic integrated circuits

to migrate the aforementioned functionality to a chip-scale platform while also achieving the

low loss transmission and high-fidelity operation needed for practical quantum networks.
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1. INTRODUCTION

Recent advances in quantum computing have, deservedly, captured the imagination of

the scientific community and the broader public [1 ], [2 ]. However, quantum technologies have

the potential to not only unleash a revolution in how we process information, but also enable

communications security [3 ] and measurement precision [4 ] beyond what is capable with clas-

sical counterparts. Unlocking the full promise of these technologies requires mediating both

communication and entanglement between distant parties. In the case of communication and

sensing, the need for networking is readily apparent as physical separation between parties,

or quantum states, is fundamental to the application at hand. The value of cryptographic

protocols like quantum key distribution (QKD) derives from the fact that users separated

by great distances share correlated outcomes for measurements with individually random

results, which is exploited to generate secure cryptographic keys [3 ]. Similarly, consider the

case of clock synchronization. Classical methods of synchronizing spatially separated clocks

require transmission of light (or matter) between these clocks and are, therefore, sensitive to

disturbances in the intervening medium. Quantum clock synchronization bypasses this by

relying on prior shared entanglement between two locations [5 ], [6 ].

The need for networking is perhaps not readily apparent in the case of quantum com-

puting. However, as matter-based qubit systems increase in size, counteracting decoherence

becomes challenging, thereby placing limits on how large standalone systems can be. For

example, superconducting qubit-based systems operate at millikelvin temperatures and re-

quire sophisticated dilution refrigerators to maintain operating conditions. Scaling these

systems up from tens of qubits to thousands or millions of qubits will place commensurate

demands on the cooling power of a single dilution refrigerator [7 ], [8 ]. In addition, one needs

to consider challenges associated with delivering thousands to millions of control signals in

a constrained environment. In ion trap-based systems, the challenge is more fundamental as

noise increases with the number of ions in a single chain [9 ]. For these reasons, researchers

view modular architectures, connected by a quantum network, as the most promising path to

large-scale quantum computing [10 ]. The situation is not unlike cloud and high-performance
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computing where the linking of distributed computing resources has led to breathtaking

advances in fields like data science and artificial intelligence.

1.1 Photonic Quantum Networks

While quantum states are extremely fragile, photons experience virtually no decoherence

and are the only realistic choice to carry quantum information over long distances. In

quantum optical communication, information is encoded in one or more attributes, or degrees

of freedom (DoFs), of photons. This includes polarization state, time bin, spatial mode,

orbital angular momentum, and frequency bin, among others. Most early (and foundational)

experiments in quantum networking relied on encoding and entanglement in polarization

state [11 ] as it is one of the most straightforward DoFs to work with in academic research

settings. For example, one can implement arbitrary qubit rotations with a combination

of quarter-wave and half-wave plates, which are inexpensive and introduce minimal optical

loss. Demonstrations span the networking gamut, from quantum key distribution [12 ] and

quantum dense coding [13 ], to state teleportation [14 ] and entanglement swapping [15 ].

In just the last few years there has been tremendous progress in facilitating entangle-

ment and communication between end nodes using satellite-based and terrestrial free space

links [16 ], [17 ]. Photon loss from free space propagation scales quadratically, which over long

distances represents a dramatic improvement over the exponential scaling of loss in optical

fiber. Without a doubt, global-scale quantum networks will rely, at least in part, on some

form of free space communication. However, for dense and short-reach communication, like

local area and metropolitan area networks, free space optical channels are an unrealistic

choice given the need for line-of-sight links. This, coupled with very low loss in standard

optical fiber (0.2 dB/km), make optical fiber-based communication an important modality

for links shorter than 100 km.

Unfortunately, not all photonic DoFs are compatible with standard (single mode) optical

fiber. Orbital angular momentum- (OAM) and path-based encoding are not supported,

while polarization state- and spatial mode-based encodings are not stable over standard

fiber [18 ]. This leaves the time-energy (time-frequency) DoF as possibly the best candidate
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for quantum optical communication over fiber. While classical information is encoded in the

amplitude and/or phase of an optical signal [19 ], frequency plays a critical role in classical

networking – it is used to delineate communications channels, making it possible to utilize

the tremendous bandwidth of optical filter to transmit multiple channels in parallel and

support terabit data rates over a single optical fiber [20 ]. In addition, frequency is naturally

stable over fiber and permits straightforward measurement with high-efficiency filters and

detectors.

These advantages – parallelization of communications channels and stability over optical

fiber – can potentially be leveraged to support the needs of quantum networks. Further-

more, unlike polarization, frequency supports multilevel quantum information, i.e., d-level

systems with d > 2 [21 ], opening the door to quantum information encoded in higher dimen-

sions. This is in some ways analogous to multilevel encoding formats like pulse amplitude

modulation and quadrature amplitude modulation in classical communication.

1.2 Classical vs. Quantum Networks

Modern fiber-optic networks overcome the exponential scaling of loss in optical fiber

through use of regenerative amplifiers and optical-electrical-optical (OEO) conversion [19 ].

Unsurprisingly, commercial telecommunications equipment is engineered (perhaps even over-

engineered) for long-term reliability to the detriment of considerations like optical loss.

Quantum state transport imposes additional constraints on fiber-optic networks. Most

notably, the no-cloning theorem forbids the creation of a copy of an arbitrary quantum

state without introducing unacceptable errors [22 ]. Consequently, amplification and OEO

conversion cannot be used to extend the reach of quantum links or to manage spectral

bandwidth at the network edge. These limitations can, in principle, be overcome with

quantum repeaters [23 ].

The basic concept behind a quantum repeater is that one can partition an arbitrarily long

link into a series of smaller links. Entanglement, or quantum information, can be swapped

over each smaller link with the caveat that swapping operations are only performed after

it is determined that photons have successfully traversed the full extent each and every
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smaller link. This necessities the development of efficient quantum memories [24 ] that can

store photons at each intermediate node on the network. The communications rate and,

therefore, the requirements on memory time can be further improved through multiplexing

in the spatial [25 ], temporal [24 ], and spectral [26 ] domain.

1.3 Quantum Information in the Frequency Domain

As communications experiments move from benchtop arrangements to field demonstra-

tions over deployed fiber, it becomes apparent that protocols based on encoding and en-

tanglement in polarization state are limited by channel impairments like polarization mode

dispersion and polarization dependent loss [27 ]. This has motivated a shift to other degrees

of freedom, like time bin, which has achieved greater stability than is otherwise possible with

polarization-based protocols [18 ]. In addition, OAM- and spatial mode-based encodings have

been harnessed for long distance communication over free space [28 ].

The tremendous success of wavelength-division multiplexing in modern telecommunica-

tions leads to the expectation that commensurate gains can be achieved in at least some

aspects of quantum communication and networking. Furthermore, energy, i.e., frequency,

is commonly used as the encoding variable for superconducting qubit [7 ] and ion trap [29 ]

quantum systems. However, frequency has traditionally been a challenging degree of free-

dom to manipulate as frequency mixing operations require either high-speed electro-optic

modulators [30 ] or strong pump fields [31 ], neither which compares with wave retarders (used

to manipulate polarization state) in terms of cost or ease of use.

1.4 Spectral Transformations and the Quantum Frequency Processor

Motivated by the potential of frequency to boost the performance quantum networks, a

team at Oak Ridge National Laboratory (ORNL) developed an entirely new approach to

quantum information processing based on frequency bins in 2017 [32 ]. By cascading electro-

optic phase modulators (EOMs) and Fourier-transform pulse shapers [33 ], [34 ], a concate-

nation referred to as a quantum frequency processor (QFP), any frequency bin quantum
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operation can be realized in a theoretically scalable fashion. This was confirmed by subse-

quent demonstration of a universal gate set with the QFP [30 ], [35 ], [36 ].

Figure 1.1. A comparison of quantum information in different photonic
degrees freedom – spatial path (Refs. [37 ]–[39 ]), OAM (Refs. [40 ]–[42 ]), time
bin (Refs. [43 ]–[46 ]), and frequency bin (Refs. [32 ], [35 ], [47 ]–[50 ]).

(*) - Specific set of gates in small dimensions (D < 5)
Classical and weak-coherent examples are excluded from this figure.

The QFP paradigm for discrete variable frequency encoding offers three compelling ad-

vantages. The first is that it admits massive parallelization of quantum operations in a

single spatial mode. Secondly, this architecture relies on high-speed EOMs and, therefore,

has the potential to permit fast reconfiguration of quantum gates. Lastly, it supports high-

dimensional (d > 2) quantum operations [30 ]. This opens the door to high-dimensional

encodings that are compatible with multiplexing in the spectral domain, stable over stan-

dard fiber, and able to leverage deployed fiber-optic infrastructure. A comparison of different
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photonic degrees of freedom in terms of generation, manipulation, and fiber transmission is

presented in Fig. 1.1 

1.5 Outline

Our achievements at Purdue University complement the above body of work by devel-

oping tools and techniques to support networking protocols based on frequency-multiplexed

or frequency-encoded quantum information. The rest of this dissertation is organized along

three tracks — (i) entanglement characterization, (ii) component and subsystem develop-

ment, and (iii) entanglement distribution and generation.

In chapter 2 , we examine whether Hong–Ou–Mandel interference, a ubiquitous tool in

quantum optics, can be used as a probe of high-dimensional frequency-bin entanglement.

Later in the chapter we explore the phenomenon of quantum walks by observing how fre-

quency modes “walk” under the influence of electro-optic phase modulation. A key outcome

of this work is the recognition that a distribution in the relative arrival of photons in an en-

tangled pair is mapped to a distribution in two-photon energies after the quantum walk, thus

offering a possible route to probing fine features in the temporal correlation of frequency-

entangled photons. We conclude this chapter by certifying three-dimensional frequency-bin

entanglement based on measurements in the computational and Fourier bases.

On the device front (chapter 3 ), we explore two routes to expanding the tools available to

manipulate frequency-encoded quantum information. The first is implementation of a polar-

ization diversity scheme to perform polarization-insensitive (electro-optic) phase modulation.

This allows us to implement frequency-mixing operations that also preserve entanglement in

polarization state. On a parallel track, we leverage recent developments in integrated pho-

tonics and materials science to model and design an integrated quantum frequency processor

that not only improves on the performance of discrete components with respect to optical

loss, but also with respect to the complexity, i.e., dimensionality, of quantum gates one can

implement.

Finally, in chapter 4 , we build on previous work in entanglement distribution by using

a wavelength-selective switch to manage the rate at which entanglement is shared across
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a multi-user network. In addition, we demonstrate the ability to enable not just a fully

and simultaneously connected network, but also any arbitrary subgraph and do so while

equalizing the coincidence rate across all two-party links. To support functionality at the

next protocol level, we synthesize a Bell state analyzer that is based on mixing modes that

populate different frequencies rather than mixing modes that populate different spatial paths.

Such frequency mixing-based Bell state analyzers have the potential to support heterogeneous

nodes and dense spectral multiplexing on quantum networks without imposing additional

limits on entanglement fidelity or the entanglement generation rate.

This is followed by brief comments in chapter 5 on the outlook for frequency-multiplexed

and frequency-encoded quantum information in the realm of quantum communication and

networking.
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2. ENTANGLEMENT CHARACTERIZATION

Two-photon quantum frequency combs, or biphoton frequency combs (BFCs) for short,

are characterized by entanglement over discrete, energy-matched (ωsignal + ωidler = ωpump)

pairs of frequency modes or bins [48 ], [49 ], [51 ], [52 ]. The frequencies of the two photons

are correlated such that the biphoton must be described by a coherent superposition of

two-photon basis states that cannot be factored as a product of individual photon wave-

functions. If these two photons are distinguished on the basis of frequency, the high and

low frequency photons are referred to as “signal” and “idler” (nomenclature is a historical

artifact), respectively. Such a state can be described by the general expression:

|Ψ〉BFC =
N∑

p = 1
αp |p,−p〉SI (2.1)

Here S and I denote the signal and idler photon, respectively, and αp represents the com-

plex amplitude of the pth pair of frequency bins, where bins with indices ±p are frequency-

entangled. This form of entanglement is often referred to as frequency-bin entanglement [53 ]

Figure 2.1. (a) Illustration of a biphoton frequency comb where the signal
photon and the idler photon are each in a superposition of three discrete
frequency modes or bins. The free spectral range (FSR) of the comb is the
separation between frequency bins in each photon. (b) Correlations in the
relative arrival between the signal and idler, which is often referred to as the
joint temporal correlation or the time correlation function.
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and an example of such a two-photon state is shown in Fig. 2.1 (a). In analogy to classical

frequency combs [54 ], the joint spectrum of these states features discrete modes, or bins,

equidistant from one another in the spectral domain. The comb-like nature of the biphoton

spectrum is well-suited to quantum information processing [32 ] and recent work with this

platform includes the realization of high-fidelity discrete Fourier transform gates [30 ], par-

allel qubit rotations using a quantum frequency processor (QFP) [35 ], a coincidence-basis

controlled–NOT gate [36 ], and single-photon two-qudit gates [43 ], [55 ]. This progress hints

at the potential for BFCs to play are role in the development of practical quantum network-

ing protocols. An important step to advancing this platform is the development of robust

methods to certify frequency-bin entanglement.

Although such states have been generated directly in CMOS-compatible optical microres-

onators [48 ], [49 ], in the demonstrations described here states are prepared by carving a con-

tinuous spontaneous parametric down-conversion spectrum (SPDC) [52 ]. An advantage to

this approach, aside from simplified state preparation, is that the choice of BFC parameters,

such as the linewidth of individual frequency bins and the free spectral range (FSR) of the

state, is mostly flexible subject to some equipment constraints. BFCs are characterized not

only by spectral correlations between photons in a pair, but also by correlations in their

arrival (at a detector, for example) relative to one another [56 ]. An example of such tempo-

ral correlations is shown in Fig. 2.1 (b). Here the x–axis represents the delay between the

arrival time of one photon with respect to its entangled counterpart. If | |Ψ(τ)〉 |2 describes

this joint temporal correlation, it is related to the joint spectral amplitude (|Ψ(Ω)〉) through

a Fourier transform.

|Ψ(τ)〉 =
∫
dΩ |Ψ(Ω)〉 e−iΩτ (2.2)

In other words, different frequency components (Ω) contributing to the BFC interfere

coherently. Therefore, the joint temporal correlation, or time correlation function, is an

effect that reflects broadband phase coherence. Consequently, the most straightforward way

to certify high-dimensional frequency bin entanglement is through a direct measurement of

the relative timing between signal and idler photons [57 ]. However, the timing resolution
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(jitter) of commercially available single-photon detectors (∼ 50 − 80 ps) is inadequate to

resolve fine features in the time correlation function when the separation between frequency

bins is on the order of a few GHz or more. These measurements become even more challenging

as the degree of multilevel entanglement increases because the finest features in the time

correlation function have a duration set by the total biphoton bandwidth.

2.1 Certifying frequency bin entanglement in a two-dimensional BFC

To overcome this limitation, techniques have been developed to project the two-photon

state onto different bases in a manner analogous to those used to characterize high-dimensional

time-bin entanglement [58 ]. In the spectral domain such operations require frequency mixing,

which has been implemented, albeit probabilistically, using electro-optic phase modulators

(EOMs) [48 ], [49 ], [52 ]. In this section we present an overview of one such measurement

with a two-dimensional BFC.

2.1.1 State preparation

Broadband, co-polarized time-energy entangled photons are generated by SPDC in a

periodically-poled lithium niobate (PPLN) waveguide engineered for type-0 phase matching

[Fig. 2.2 ]. By suitably programming the amplitude and phase response of the pulse shaper,

one projects the biphoton onto a state of the form |Ψ〉BFC ∝ eiφ1 |1,−1〉SI + |3,−3〉SI [52 ].

Here –3, –1, 1, and 3 are numerical indices that denote the four discrete frequency bins

populated by this state. The separation between bins 1(–1) and 3 (–3) is set to 36 GHz and

φ1, which is the joint phase between two-photon basis states |1,−1〉SI and |3,−3〉SI , is set

by the pulse shaper.

2.1.2 Projection in the frequency domain

To certify frequency-bin entanglement for the BFC shown in Fig. 2.2 , one needs to es-

tablish that the biphoton is in a coherent superposition of two-photon basis states |1,−1〉SI

and |3,−3〉SI , i.e., that there is a stable phase relationship between them. This can be

accomplished by projecting equal contributions of |1,−1〉SI and |3,−3〉SI into an indistin-
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Figure 2.2. Setup for preparing a two-dimensional biphoton frequency
comb by carving a continuous biphoton spectrum using a pulse shaper. CW
laser, continuous-wave laser; type-0 PPLN, periodically-poled lithium niobate
waveguide engineered for type-0 phase matching; FSR, free spectral range.

guishable superposition through frequency mixing. By driving an EOM with a sinusoidal

RF tone equal to one-half the frequency bin separation (18 GHz), equal contributions of bins

1 and 3 (−1 and −3) of the signal (idler) are probabilistically scattered into frequency bin 2

(−2) [Fig. 2.3 ]. If the biphoton is in a coherent superposition of basis states |1,−1〉SI and

|3,−3〉SI , the probability amplitude of the indistinguishable superposition, i.e., basis state

|2,−2〉SI will be proportional to |eiφ1 + 1|2. Consequently, by varying the joint phase on

|1,−1〉SI (φ1) one can vary the probability of detecting coincident photon events between

frequency bins ±2.

Figure 2.3. Use of an electro-optic phase modulator to project adjacent
frequency bins (1 and 3; –3 and –1) into indistinguishable superpositions (bins
2 and –2, respectively). EOM, electro-optic phase modulator.
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Figure 2.4. Spectral filtering is used to detect coincidences between frequency
bins 2 and −2, thereby postselecting for two-photon events corresponding to
|2,−2〉SI. SPD, single-photon detector; TIA, time interval analyzer.

2.1.3 Spectral filtering and coincidence detection

In order to postselect for |2,−2〉SI through coincidence detection, a second pulse shaper

(or wavelength-selective switch) (“pulse shaper 2” in Fig. 2.4 ) is used to pass frequency

bins 2 and −2 to two different output ports and, eventually, on to different single-photon

detectors (SPDs). A time interval analyzer (TIA) records the delay between single-photon

events. By programming the first pulse shaper (“pulse shaper 1” in Fig. 2.3 ) to linearly

sweep joint phase φ1 on |1,−1〉SI , one generates a sinusoidal variation in the probability

of detecting |2,−2〉SI at the output [Fig. 2.5 ]. If the interferometric visibility of such a

two-photon interference trace exceeds the classical threshold of 1√
2 needed to violate a Bell

inequality (under the assumption of a symmetric or white noise model), one can certify

two-dimensional frequency bin entanglement in the BFC [48 ], [58 ], [59 ].

2.1.4 Extension to higher dimensions

The probabilistic nature of the frequency mixing operations described above, coupled

with the need for high-speed radiofrequency (RF) electronics, makes this method of certi-

fying frequency-bin entanglement challenging. While, in principle, deterministic frequency-

mixing operations can be achieved with an alternating series of EOMs and Fourier transform

pulse shapers [32 ], it comes at the cost of increased system loss due to the introduction of ad-
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Figure 2.5. Coincidences between frequency bins 2 and −2 as a function of the
joint phase on |1,−1〉SI . The interferometric visibility (V ) of [97±7]% exceeds
the threshold needed to violate a Bell inequality by close to four standard
deviations.

ditional components. These limitations become very apparent in the case of high-dimensional

frequency-bin entanglement, which requires one to project d frequency bins into an indistin-

guishable superposition in order to certify d-level entanglement [49 ], [52 ]. The measurement

process quickly becomes time consuming and a strain on resources. To date, projective mea-

surements in the frequency domain have been used to certify entanglement only as high as

four dimensions [49 ].

This motivates the need for an alternative method to certify high-dimensional frequency-

bin entanglement. It was recently suggested that Hong–Ou–Mandel (HOM) interference,

which can be sensitive to delays on the order of femtoseconds, can be used to probe features

in the joint temporal correlation of a BFC and, therefore, detect the presence of high-

dimensional frequency-bin entanglement [60 ]. Indeed, one of the interesting features of

BFCs, noted in early experiments, is their production of HOM “revivals”; i.e., the initial

coincidence dip at zero delay reappears (as dips or peaks) at multiples of half the inverse

FSR [61 ]. As each dip has a duration set by the total biphoton bandwidth, HOM revivals are
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certainly a broadband effect and could appear, initially, to be an effect exploiting broadband

phase coherence as well.

2.2 Hong–Ou–Mandel interference and spectral phase

 The state prepared in the previous example does not lead to interference in an HOM

interferometer with slow (integrating) detectors because the signal and idler share no common

frequencies [63 ]. If instead of generating (co-polarized) time-energy entangled photons by

type-0 SPDC, one instead relies on type-II phase matching and spectrally degenerate down-

conversion, one can prepare a BFC where spectrally indistinguishable photons are separated

on basis of polarization state with close to unity efficiency [Fig. 2.6 (b)] [60 ]. This state can

be described by:

|Ψ〉BFC =
N∑

p = −N, p 6= 0
αp |p,−p〉AB (2.3)

Subscripts A and B signify the two paths populated by the vertically- (signal) and

horizontally-polarized (idler) photons after they are separated by a polarizing beam splitter

with output paths A and B. Another critical distinction is that for the BFC described in

equation 2.3 [Fig. 2.6 (b)] each photon populates 2N bins (from −N to N , excepting 0).

This is unlike the co-polarized BFC in equation 2.1 [Fig. 2.6 (a)] where the signal (idler)

populates only the upper (lower) half of the spectrum, i.e., N bins.

Although the two photons in Fig. 2.6 (b) are spectrally indistinguishable, none of the

individual two-photon basis states |−p, p〉AB, on their own, gives rise to HOM interference

with slow detectors because photons A and B populate different frequency bins. However,

one can define a so-called comb line pair :

|ψ〉p = αp |p,−p〉AB + α−p |−p, p〉AB (2.4)

↑ The results of this section have been published in [62 ]
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Figure 2.6. (a) By carving a continuous type-0 down conversion spectrum
using a 6-bin filter, one can prepare a 3D BFC where signal and idler are
distinguished on the basis of frequency. (b) The same 6-bin filter applied
to a type-II down conversion spectrum results in a 6D BFC with spectrally
indistinguishable photons when those photons are separated on the basis of
polarization state. (c) If photons are instead distinguished on the basis of
frequency, one can prepare a 3D BFC also entangled in polarization state.

Here both photons populate the same two frequency bins, −p and p in superposition, and

produce a nontrivial HOM interferogram. The BFC in equation 2.3 can now be rewritten as

a sum of such comb line pairs:

|Ψ〉BFC =
N∑

p = 1
eiβp |ψ〉p (2.5)

Here βp is the joint phase on pth comb line pair. If HOM interference is able to probe

the fast substructure in the time correlation function [Fig. 2.1 (b)] and, therefore, high-

dimensional entanglement, it must be sensitive to changes in βp since temporal correlations

between photons in a BFC are an effect of broadband phase coherence [56 ].
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2.2.1 Hong–Ou–Mandel Interferometer

We designed a HOM interferometer [Fig. 2.7 ] that allows one to manipulate βp, the joint

phase on individual comb line pairs. Time-energy entangled photon pairs are generated by

colinear, type-II SPDC in a fiber-coupled, PPLN ridge waveguide. The PPLN (temperature

= 54.1◦C) is pumped with continuous-wave (CW) laser light at a wavelength of ∼779.4 nm,

chosen to ensure that time-energy entangled photons generated by the down-conversion

process are spectrally degenerate. Owing to the type-II process, down-converted photons

are separated deterministically with a 1 × 2 fiber-based polarizing beam splitter (PBS).

Figure 2.7. (a) Experimental arrangement (see text for details). PPLN,
periodically-poled lithium niobate waveguide; PBS, fiber-based polarizing
beam splitter; PC, polarization controller; 50 : 50, 2 × 2 fiber-based 50 : 50
beam splitter; SPD, single-photon detector; TIA, time interval analyzer. (b)
Joint phase accumulated by the BFC when a phase of π/2 is applied to both
frequency bins −1 and 1 in photon B

One arm of the HOM interferometer (path A) includes two optical delay lines – a 330 ps

manually-actuated delay line and a 167 ps motorized delay line. The former is used for

coarse matching of the delay between paths A and B, while the latter for scanning the path

length difference in two-photon interference experiments. The other arm (path B) includes

a Fourier-transform pulse shaper, which carves BFCs from the continuous down conversion

spectrum, as well as applies the desired phase to individual frequency bins. An important

point to note here is that with the pulse shaper in path B alone, it acts on just one of the
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photons. However, this is sufficient to generate comb-like correlations in the joint spectrum

since coincidence measurements postselect energy-matched frequencies of the photon in path

A. Longpass filters, in conjunction with a pair of collimators (not shown), are used in both

arms of the HOM interferometer to reject residual pump light.

Downstream of the delay lines and pulse shaper, photons A and B are mixed at a fiber-

based 50 : 50 beam splitter. Interference between two-photon probability amplitudes is

observed by monitoring two-photon events between the output ports of the HOM interfer-

ometer using superconducting nanowire single-photon detectors (SNSPDs) and a TIA.

Our experiments are based on a simple but illustrative system – a four-bin BFC. Note

that unlike co-polarized BFCs, each photon populates the same four frequency bins, leading

to four-dimensional single-photon subspaces and not two as was the case in Fig. 2.2 . Our

four-bin BFC is simply then a coherent superposition of two comb lines pairs (see equation

2.5 ) – |ψ〉1 and |ψ〉2. Each frequency bin has a Gaussian profile with an intensity full width

at half-maximum (FWHM) of 17 GHz; the FSR was chosen to be 90 GHz. This effective

fill factor (17/90 ∼ 0.2) offers an acceptable trade-off between the overall count rate and the

number of revivals in the HOM interference trace.

2.2.2 Sensitivity of HOM interference to changes in spectral phase

To probe the sensitivity of HOM interference to spectral phase, we varied β1, the joint

phase on comb line pair |ψ〉1, by applying the desired phase to both the −1 and 1 frequency

bins of the photon in path B [Fig. 2.7 (b)]. We recorded HOM interferograms for three

cases: β1 ∈ {0, π

2 , π}. An illustration of these operations, the ensuing modification of two-

photon basis states, and the corresponding HOM interference traces are shown in Fig. 2.8 .

Coincidences are recorded over 1 second intervals and reported without background subtrac-

tion. The visibilities of these traces are lower than that of the unfiltered down-conversion

spectrum ([99.6 ± 1.2]%, not shown) because we increased the pair production rate to coun-

teract the significant reduction in counts associated with carving just four discrete bins from

a 310 GHz-wide biphoton spectrum. Although there is some noticeable drift in the interfer-
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Figure 2.8. HOM interference traces for four-bin BFCs with different values
of β1 – the joint phase on comb line pair |ψ〉1. In this and subsequent figures,
the axes of photon spectra in pathsA and B are reversed with respect to one
another. This has been done to visually align frequency bins that contribute
to the same two-photon basis state. For clarity, high and low frequencies are
colored blue and red, respectively, and are defined with respect to the center of
the photon spectrum. To facilitate an easy comparison between overlaid HOM
interference traces, experimental data (solid circles) for consecutive delay steps
are connected by straight lines.

ometer that occurs during acquisition of the β1 = 0 interference trace, there is no discernable

difference in HOM interference with different values of β1.
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2.2.3 Distinguishing pure states from mixed states

Having shown that HOM interference is insensitive to the relative phase between comb

line pairs in a coherent superposition state, we now examine whether the HOM interferometer

Figure 2.9. HOM interference traces for (a) a coherent superposition state –
|Ψ〉BFC = |ψ〉1 + |ψ〉2, (b) comb line pair |ψ〉1 only, and (c) comb line pair |ψ〉2
only. (d) Comparison of HOM interference for a coherent superposition state
[trace (a)] with that for a mixture of the corresponding comb line pairs [trace
(b) + trace (c)].
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can, in any way, distinguish between a coherent superposition state and the corresponding

mixture. In other words, can one distinguish between high-dimensional and two-dimensional

frequency-bin entanglement via an HOM measurement? For this comparison, we first record

an HOM interferogram for the four-bin BFC –- a coherent superposition of two comb line

pairs |ψ〉1 and |ψ〉2. In the case of the corresponding mixed state, there is no stable phase

relationship between the constituent comb line pairs. In other words, the mixture is simply

an incoherent sum of two pure states –- |ψ〉1 and |ψ〉2. Consequently, an HOM interference

trace for the mixture can be constructed by recording interferograms for the two comb line

pairs individually and adding the results together. This is the situation that would result

from repeated random emission of either |ψ〉1 or |ψ〉2, but not both in superposition. The

HOM traces for these two cases –- a coherent superposition of two comb line pairs and the

corresponding mixture – are presented alongside one another in Fig. 2.9 (d). Both traces

clearly track one another quite closely.

The results in Figs. 2.8 and 2.9 confirm two key points: neither the specific phase

between two comb line pairs in a superposition state, nor even the presence of inter-pair

coherence more generally, has any bearing on the HOM interferogram. Therefore, HOM

interference cannot be used to detect or certify high-dimensional frequency-bin entanglement

in a BFC.

2.3 Quantum walks and high-dimensional entanglement

 As noted in section 2.1.4 , one can certify d-level entanglement by projecting d frequency

bins into an indistinguishable superposition (in each of the signal and idler) followed by

coincidence measurements to postselect for two-photon events corresponding to this indis-

tinguishable superposition of d frequency bins. This method borrows heavily from techniques

developed to characterize time-bin entanglement [58 ]. However, modern telecommunications

infrastructure is based on selective processing and routing of information in the spectral do-

main and, consequently, there is a wider range of tools with which to manipulate frequency-

encoded quantum information. Take the case of EOMs and chirped fiber Bragg gratings, for

↑ The results of this section have been published in [64 ]
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example. The former acts as a tunable multiport frequency bin beam splitter and the latter

introduces frequency bin-dependent time delays. There are simply no commercially available

components to manipulate time bins in analogous ways. This naturally raises the question

of whether a technique for entanglement certification unique to the needs and advantages of

frequency can be devised.

Another drawback of the method outlined in section 2.1 is that it discards a large amount

of information. This is because one only tabulates coincidences between two frequency bins

when, in fact, we have complex multimode quantum interference spanning many frequency

bins. Such parallelized (in the frequency domain) quantum interference bears strong resem-

blance to photonic quantum walks.

In general, all that is required to implement a photonic quantum walk is the presence

of coupling between different modes in a given degree of freedom [65 ]–[68 ]. Such coupling,

or mode scattering, is generated in EOMs driven with a single sinusoidal RF tone. The

effect of this perturbation is that the wavefunction of a photon traversing the EOM picks

up a factor of eiδ cos ωmt. Here δ corresponds to the strength of the modulating RF field and

ωm denotes the frequency of RF modulation. Viewed from the perspective of the frequency

domain, phase modulation scatters a single frequency bin into a comb-like spectrum with

adjacent frequency bins separated by ωm. The amplitude of a frequency bin a distance

nωm away from the original bin is given by nth order Bessel function Jn(δ). In analogy to

quantum walks based on path encoding, the depth a frequency domain quantum walk can

be incremented simply by cascading one EOM after another. However, a particular strength

of the frequency domain approach is that a cascade of n identical EOMs is equivalent to

increasing the strength of the modulating RF field in a single EOM by this factor of n. In

other words, the depth of the walk can be tuned over a continuous range by simply modifying

the strength of the modulating RF field.

Fig. 2.10 (a) shows results for the (classical) evolution of single frequency mode through

an EOM as a function of modulation depth (δ). As wave dynamics in the classical regime

are equivalent to single-photon quantum walks, such measurements are sometimes referred

to as coherent random walks [69 ]. This is because their evolution through the system is no

different from that of a single photon occupying the same set of input frequency bins. As
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Figure 2.10. (a) Evolution of a single frequency mode through an EOM
as a function of the RF modulation depth (b) Experimental setup to imple-
ment a photonic quantum walk in the frequency domain with BFCs. CW
laser, continuous-wave laser; PPLN, periodically-poled lithium niobate; EOM,
electro-optic phase modulator; RF, radio frequency; det, single-photon detec-
tor; TIA, time interval analyzer; JSI, joint spectral intensity.

the strength of the modulating field increases, the extent to which the input frequency bin

scatters to outer frequency bins also increases. Quantum walks of entangled particles [65 ],

particularly those featuring high-dimensional entanglement [67 ], exhibit a richer variety of

behavior than is possible with just a single photon occupying a single frequency bin. To

explore the effect of entanglement on quantum walks in the frequency domain, we study the

evolution of BFCs under electro-optic modulation.

2.3.1 Multimode quantum interference in the spectral domain

Like the demonstration in section 2.1 , BFCs are carved from a continuous biphoton

spectrum generated by type-0 SPDC [Fig. 2.10 (b)]. This is unlike the preceding study

(section 2.2 ), where we relied on type-II phase matching. The linewidth of each frequency

bin is 9 GHz FWHM. To ensure minimal crosstalk between adjacent frequency bins, the

43



FSR of the BFC is set to 25 GHz. Pulse shaper 1 [Fig. 2.10 (b)] not only manipulates

the amplitude of the biphoton spectrum, but also its phase prior to a quantum walk. In

particular, the spectral phase can be set to vary continuously or make discrete jumps from

one frequency bin to the next. Once the desired state has been prepared, it is sent to an

EOM to mix frequency bins, which gives rise to a quantum walk in frequency (energy) space.

The EOM is driven with a 25 GHz sinusoidal RF tone – identical to the FSR of the BFC –

with the RF power tunable over a continuous range. Downstream of the modulator is pulse

shaper 2 [see Fig. 2.10 (b)], which selects a pair of output frequencies and routes each one to

a different SNSPD. Two-photon events between different pairs of frequency bins are identified

by correlations in their arrival time. This data is used to construct a measurement of the

joint spectral intensity (JSI) of the BFC – a two-photon correlation map that captures the

effect of a quantum walk. It is worth noting that this quantum walk uses the same sequence

of elements used to certify frequency bin entanglement (section 2.1 ).

2.3.2 Enhanced ballistic energy transport

One hallmark of a correlated quantum walk is the rapid diffusion two-photon correlations

away from the original map. We observe such transport in a BFC entangled across eight pairs

of frequency bins and ideally in the form 1√
8

∑8
p = 1 |p,−p〉SI . The joint spectral intensity of

the initial state, i.e., in the absence of any modulating RF field, is completely anti-correlated

in frequency [Fig. 2.11 (a)]. Each pixel on the diagonal corresponds to the same two-

photon energy, i.e., the sum of the two frequency bin indices at any pixel on this line is

zero. Note that the sum of the frequency bin indices on any line parallel to the diagonal is a

constant that simply corresponds to a different value for the total energy of the two-photon

state. Fig. 2.11 (b) shows the joint spectrum of this state after a quantum walk when the

modulator is driven to a depth δ = 4.6 radians. Experimental data clearly show diffusion, or

transport, of two-photon correlations away from the original JSI. Transport perpendicular

to the diagonal and towards the top right corner of the JSI corresponds to events where

the overall energy of the biphoton increases, i.e., the modulator transfers energy to the two-

photon state. The converse, when the biphoton gives up energy to the modulator, manifests
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Figure 2.11. Joint spectral intensity constructed from coincidence measure-
ments between different pairs of frequency bins across a 31×31 grid. (a) 8-bin
BFC with no applied RF modulation, (b) 8-bin BFC and RF modulation in-
dex of 4.6 radians, but no applied spectral phase, and (c) 8-bin BFC and RF
modulation index of 4.6 radians, as well as a π phase shift between adjacent
comb line pairs |p,−p〉SI
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as transport to the lower left corner of the JSI. In other words, what we observe is two photons

experiencing similar frequency shifts (at least in sign), which resembles, but is qualitatively

different from, bosonic bunching (HOM interference) in the frequency domain [70 ].

To quantify this energy transfer, we tabulate the total number events along the diagonal

and do the same for each line parallel to the diagonal. Each of these event totals corresponds

to the probability of a biphoton exiting the system with the corresponding total energy.

Figure 2.12. Distribution of biphoton energies at the output of the circuit,
i.e., at the conclusion of a quantum walk, for states (a) |ψ〉 ∝ ∑8

p = 1 |p,−p〉SI

and (b) |ψ〉 ∝ ∑8
p = 1 eipπ |p,−p〉SI . Energies reported in units of h × 25 GHz.

(c) Standard deviation (σ) of biphoton energies at the output of the circuit as
a function of modulation index (walk depth) for the single-photon and two-
photon cases. (d) Standard deviation (σ) of biphoton energies at the output
of the circuit as function of the degree of multilevel entanglement for the
case of enhanced ballistic transport and the so-called bound state, which is
characterized by strong energy confinement.
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Energy transfer between the EOM and the two-photon state, expressed in terms of the

sum of (the changes in) frequency bin indices, is plotted in Fig. 2.12 (a) as a function

of modulation depth δ. The standard deviation of biphoton energies at the output, as in

the single photon case, is linear with modulation depth δ [purple markers, Fig. 2.12 (c)].

However, this linear scaling of energy transfer is approximately twice as fast in the case of

entangled photons.

2.3.3 Strong energy confinement

The diffusion of two-photon correlations is dramatically altered if we modify the spectral

phase of the BFC to create a state of the form 1√
8

∑8
p = 1 eipπ |p,−p〉SI , i.e., a state in which

adjacent comb line pairs |p,−p〉SI have a π phase difference with respect to one another. This

operation can be viewed as a linear spectral phase ramp, which is equivalent to delaying one

photon with respect to its entangled counterpart by half the modulation period. As a result

of this delay, photons in an entangled pair acquire equal but opposite frequency shifts. This

is clearly illustrated by the JSI measurement after a quantum walk [Fig. 2.11 (c)], which

shows that frequency correlations remain largely confined to the diagonal. In other words,

the energy of the two-photon state is largely unchanged. As the duration of the walk, i.e.,

modulation depth δ increases, frequency correlations merely propagate outward along the

diagonal to include new combinations of high and low photon frequencies. However, this

energy gain or loss is correlated within a photon pair. If the idler gains some energy, the

signal loses that same amount of energy with the result that the total energy of the state is

preserved [Fig. 2.12 (b)].

2.3.4 Quantum walks and the joint temporal correlation

The evolution of the biphoton, as captured by two-photon correlation maps [Fig. 2.11 ],

can also be understood from a time domain consideration of the quantum walk, which better

illustrates how electro-optic phase modulation interacts with the signal–idler arrival time.

In Fig. 2.13 , the strength of the modulating RF waveform is shown (dark blue sinusoid)

as a function of time. The signal photon, which can arrive at the modulator at any time
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owing to the random nature of the SPDC process, is designated by a blue arrow capped by

a blue sphere. In Fig. 2.13 , we only show one possible arrival time. Here, for example,

the signal reaches the modulator when the phase of the modulating RF waveform is π

6 .

While the idler photon also reaches the modulator at a random time, this random time

is highly correlated with the arrival of the signal photon. This correlation is characterized

by a range of possible values for the delay between signal and idler, which is given by the

Fourier transform of the complex biphoton spectrum [56 ]. Consequently, for a narrowband

biphoton with entanglement across a limited number of dimensions (see 8-dimensional BFC

in Fig. 2.13 ), there is a wide range of possible values for the relative delay between signal

and idler (orange train of sinc-squared functions capped by orange spheres). As the degree of

multilevel entanglement increases and, therefore, the biphoton bandwidth, the distribution

of possible signal-idler delays gets narrower (see 64-dimensional BFC in Fig. 2.13 ). The

discretization of the biphoton spectrum in frequency space, owing to its comb-like structure,

results in a distribution of relative arrival times that repeats at integer multiples of the inverse

FSR of the BFC. Since the spacing between frequency bins matches that of the RF waveform,

this repetition of the distribution in arrival times occurs at integer multiples modulation

period. The net effect is that both photons “see” nearly the same phase modulation ramp

(dφ
dt
), which means they experience correlated instantaneous frequency shifts (see correlated

energy transfer in Fig. 2.13 ).

In the case of walks featuring energy confinement [Fig. 2.11 (c)], the situation is slightly

different. Here there is a π phase difference between adjacent comb line pairs, which corre-

sponds to a linear spectral phase ramp or simply an additional time delay between signal

and idler. This delay is exactly one-half the RF modulation period. In other words, the dis-

tribution in the relative arrival of signal and idler is centered at half-integer multiples of the

modulation period. Here, unlike in the case of ballistic transport described in the previous

paragraph, photons in an entangled pair experience anti-correlated instantaneous frequency

shifts (anti-correlated energy transfer in Fig. 2.13 ), which manifests through confinement

of two-photon correlations to the diagonal of a JSI measurement.
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Figure 2.13. Time domain illustration of how energy transfer between the
modulator and the BFC is affected by the relative timing between signal and
idler. The two rows highlight how the process differs between an 8-dimensional
BFC and a 64-dimensional BFC. The latter is characterized by a narrower
spread in the mapping between energy transfer and relative arrival time. The
two columns highlight the effect of different spectral phase patterns – one re-
sults in correlated signal-idler frequency shifts and the other in anti-correlated
signal-idler frequency shifts.

2.3.5 Effect of high-dimensional entanglement

The critical role played by spectral phase hints at strong differences between quantum

walks featuring coherent superpositions of multiple frequency bin pairs 1√
N

∑N
p = 1 |p,−p〉SI

as compared to the corresponding mixed state ρ = 1
N

∑N
p = 1 |p,−p〉SI 〈p,−p|SI . While both

states possess identical spectral correlations, i.e., JSIs, for the latter the relative phase be-
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tween any two basis states (|p,−p〉SI and |q,−q〉SI for p 6= q) is completely random. To

simulate the effect of this random phase, we constructed a JSI measurement of the mixed

state by adding together JSI measurements from quantum walks with individual comb line

pairs |p,−p〉SI for p = 1, 2, ...8. We find that one consequence of such incoherence is that

two-photon correlations are smeared without any sharp or well-defined features (not shown).

This result, together with the quantum walks presented earlier, suggest that the total

energy of the two-photon state after a quantum walk can serve as an indicium of the coherence

between comb line pairs. One metric to quantify this is the standard deviation of biphoton

energies measured at the output. This is presented in terms of the (change in) frequency

bin index (single-photon case) and the sum of (the changes in) frequency bin indices (two-

photon case), as a function of walk duration, in Fig. 2.12 (c). We clearly see enhanced energy

transfer for the two-photon state. In the limit of infinite multilevel entanglement, energy

transfer increases at twice the rate for two-photon correlations compared to single-photon

quantum walks since both photons experience exactly the same frequency shift.

To elucidate the effect of high-dimensional entanglement, we present data for energy

transfer in the cases of enhanced ballistic scattering [Fig. 2.12 (d), blue markers] and strong

energy confinement [Fig. 2.12 (d), red markers]. These plots show how the standard devi-

ation of biphoton energies at the output changes as the degree of multilevel entanglement

increases for a fixed walk depth (δ = 6.1 radians). The clear change in the distribution

of biphoton energies as a function of entanglement dimensionality, especially in the case of

strong energy confinement or a so-called bound state, points to how these results can po-

tentially be used to certify and even quantify high-dimensional frequency-bin entanglement.

Our results show that the width or timing uncertainty associated with the time correlation

function is mapped to a corresponding spread in biphoton energies at the output of a quan-

tum walk. While a rigorous proof is needed to establish the validity of this technique for

entanglement certification and quantification, these walks clearly allow one to probe temporal

features in the biphoton that cannot be resolved by direct measurements.
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2.4 Discrete Fourier Transform Gate

 A more direct route to characterizing entanglement is measuring correlations in each of

two mutually unbiased bases (MUBs). The concept of mutually unbiased bases is perhaps

easiest to convey by considering the case of polarization. If a photon prepared in the rec-

tilinear (HV ) basis is horizontally-polarized and subsequently measured in this basis, only

one result is returned − H. However, if this photon is measured in the diagonal basis (AD),

all possible outcomes (A or D) are equally likely. In other words, each mode in one basis is

mapped to all modes with equal probability in a mutually unbiased basis.

In the case of frequency-encoded quantum information, we take the basis of frequency

modes (|m〉, where m denotes a mode centered at frequency ωm) as the computational basis.

The Fourier basis is mutually unbiased and can be defined relative to a computational basis

where m ∈ {0, ..., d− 1}: |fm〉 = 1√
d

∑d−1
n=0 e−2πimn/d |n〉.

To put this in familiar context, consider the case of QKD. One can make measurements

in the rectilinear basis (HV ) by passing a state through a polarizing beam splitter. To

make measurements in the DA basis, one can use a half-wave plate to rotate the state of

polarization by 45◦ just prior to the polarizing beam splitter without making any further

changes to the measurement apparatus. Similarly, to make a Fourier basis measurement in

the frequency domain, one can apply a discrete Fourier transform (DFT) gate [30 ] followed

by computational basis detection.

An important feature of measurements in MUBs is that the presence of strong correlations

between two particles in both MUBs signifies the presence of entanglement in the system.

In fact, this is the principle behind entanglement-based QKD. Only when Alice and Bob

make measurements in the same basis are their individually random measurements highly

correlated with one other. When Alice and Bob make measurements in different bases, their

measurement outcomes are uncorrelated with one another and, consequently, these results

are discarded. Baveresco et al. [72 ] recently established that measurements in two MUBs

are sufficient to certify d-level entanglement. While the number of measurements required

↑ The results of this section have been published in [71 ]
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can depend on an astute guess for the state (a straightforward task with some knowledge of

the source or the generation process), no further measurements in other bases are required.

Using a QFP, Lu et al. [30 ] recently synthesized a Hadamard gate (two-dimensional

DFT) with just a single RF harmonic and a 3-dimensional DFT gate, or 3-DFT, with the

addition of a second harmonic. In fact, the analysis summarized in Fig. 3.9 shows that the

number of harmonics needed to synthesize a d-DFT gate with high fidelity (> 0.999) and

high success probability (> 0.95) is d − 1. However, the work by Lu et al. only considered

weak coherent states and follow-on work [35 ] was limited to two-dimensional operations

owing to incompatibility between the pulse shaper resolution (25 GHz) and the frequency of

the highest synthesizable second RF harmonic (36 GHz).

2.4.1 High-Dimensional Entanglement Certification

We extend this work by pushing the limits of discrete components to construct a QFP

driven with two RF harmonics (20 GHz and 40 GHz) that are multiples of pulse shaper res-

olution. Parallel 3-DFT gates operate on both halves of the three-dimensional frequency bin

entangled state 1√
3

∑3
p = 1 |p,−p〉SI, which is prepared in a manner similar to that outlined in

section 2.3 . Fig. 2.14 shows mode transformation spectra for the parallel 3-DFT operation.

Frequency correlation measurements in both the computational and Fourier bases (after

parallel 3-DFT operations) are presented in Fig. 2.15 . We prepare three of the Bell-type

entangled qutrits (φ ∈ {0, 2π/3, 4π/3}) as inputs to the QFP and observe strong correlations

Figure 2.14. Mode transformation spectra from experiments with classical
light. Two 3-DFT gates are separated by 200 GHz and operate on both halves
of a three-dimensional frequency-bin-entangled state.

52



Figure 2.15. Measurements in the (a) computational (EOMs off) and (b)
Fourier basis for a three-dimensional frequency-bin-entangled state. A pulse
shaper used for state preparation produces biphoton states ideally of the form
|ψ〉 ∝ |3,−3〉SI + eiφ |2,−2〉SI + e2iφ |1,−1〉SI . Measurements in the Fourier
basis correspond input states where φ ∈ {0, 2π/3, 4π/3}

in both MUBs. The calculated mutual predictability [73 ] for all three states are 1.7696,

1.7714 and 1.7519, respectively. These values exceed the upper bound of 4
3 for separable

states in three-dimensional systems measured in two MUBs. One can also view these mea-

surements as part of quantum state tomography and we utilize Bayesian machine learning

methods [74 ] to calculate the mean and error bar of the state fidelity even though the number

of measurements is tomographically incomplete. We infer state fidelities of 0.841 ± 0.019,

0.839 ± 0.017, and 0.825 ± 0.020, respectively, (as compared to the ideal high-dimensional

Bell state) from these two measurements.

A point to note here is that state fidelity is not limited by gate performance. Instead,

measurements suffered from intermodal crosstalk as the input state was prepared using

a commercial Fourier transform pulse shaper with the mode separation (20 GHz) at the

resolution limit of the pulse shaper (∼ 20 GHz). In related work, which involved the synthesis

of only two-dimensional gates, we find that use of a narrow linewidth etalon (FWHM ∼

0.8 GHz) to carve the spectrum, instead of a Fourier transform pulse shaper, improves the

discrimination accuracy of a Bell state analyzer from > 92% [75 ] to > 98% [76 ] despite the
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need for a wider window for coincidence detection (128 ps vs. 1.5 ns). However, these results

serve as validation that high-dimensional quantum gates can be leveraged in instances where

there is a need for efficient entanglement certification and not full quantum state tomography.
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3. MANIPULATING FREQUENCY-ENCODED QUANTUM

INFORMATION

While developing tools and techniques to certify frequency-bin entanglement represents

an important step, implementing even the most basic networking protocols requires more –

elementary quantum gates. For example, in QKD users need to implement rotations between

two mutually unbiased bases [3 ], while dense coding requires the ability to perform all Pauli

gates [13 ], [77 ].

In the case of polarization-encoded photons, one can switch between the rectilinear

(horizontal–vertical) and diagonal (diagonal–antidiagonal) bases using just a half-wave plate.

In the frequency domain, the equivalent operation was until recently difficult to implement

deterministically as it requires frequency bins be split, or scattered, between only two levels

(in the case of qubits). This is in clear contrast to the comb-like spectrum generated by

an EOM driven with single RF tone [Fig. 2.10 (a)]. There is no standalone, commercially

available component capable of implementing deterministic quantum frequency gates. This

is one of the reasons why the frequency degree of freedom, despite all its advantages – stabil-

ity in optical fiber, straightforward measurement with high-efficiency filters and detectors,

and compatibility with wavelength-division multiplexing -– has received comparatively little

attention until very recently [51 ].

QFP-based experiments, which are the subject of an ongoing collaboration between

ORNL and Purdue University [30 ], [35 ], [36 ], have to date relied on discrete off-the-shelf

telecommunications equipment. We complement this progress by exploring adjacent chal-

lenges –- the incorporation of frequency mixing techniques compatible with other degrees of

freedom, like polarization state, and the migration of quantum functionality to an integrated

photonic platform to lower optical losses, as well as expand the complexity of operations that

can be realized with a QFP.
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3.1 Frequency mode transformations with hyperentangled BFCs

 Hyperentanglement, i.e., entanglement in more than one degree of freedom, can be a

valuable resource for quantum communication and networking [80 ]. For example, it can be

harnessed to implement high-capacity QKD, where nonclassical correlations are shared across

multiple degrees of freedom and are used to generate a high-alphabet cryptographic key [81 ].

Hyperentanglement is also important in direct communication protocols, like dense coding,

where entanglement in an ancillary degree of freedom can be used to distinguish between all

four Bell states (in the encoding degree of freedom) with a single joint measurement using

linear optics [13 ], [77 ].

Our investigation of hyperentanglement focuses on states entangled in frequency bin and

polarization state. This interest in polarization is motivated by two factors. The first is that

many, if not most, foundational experiments in quantum optics relied on polarization en-

codings [11 ]. Consequently, there exists both a well-established research community, as well

as deployed infrastructure [82 ]–[87 ], that can be leveraged for communication and network-

ing demonstrations. Secondly, polarization-entangled photon pairs are commonly generated

by spontaneous nonlinear mixing processes such as parametric down conversion [88 ] and

four-wave mixing [89 ]. These processes conserve energy and, consequently, photon pairs

generated in this manner are also entangled in the time-frequency degree of freedom, thus

making frequency encoding a natural choice to pair with encoding in polarization state.

A critical aspect to working with multiple degrees of freedom is ensuring that mode trans-

formations in one degree of freedom do not degrade information or entanglement in another

degree of freedom. For example, a combination of quarter- and half-wave plates can be used

to implement arbitrary transformations of polarization state without affecting correlations

in frequency. The same is not true of phase modulators, which are commonly used to im-

plement frequency transformations. In the case of devices based on lithium niobate, the r33

electro-optic coefficient (aligned with [001]) is much stronger than those along other crystal

directions [90 ]. Consequently, commercially available EOMs are designed to modulate the

field along this direction, i.e., they act on only one component of the polarization state. To

↑ The results of this section have been published in [78 ], [79 ]
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overcome this limitation, we develop a polarization diversity scheme capable of implementing

frequency mixing operations while preserving information and entanglement in polarization

state.

3.1.1 Polarization diversity scheme for electro-optic phase modulation

Fig. 3.1 (a) is an illustration of our polarization diversity scheme to achieve polarization-

insensitive phase modulation. This polarization diversity phase modulator (PDPM) com-

prises two fiber-based polarizing beam splitters (PBS) and two EOMs. Light enters the

PDPM through the PBS on the left and is split into two orthogonally-polarized compo-

Figure 3.1. (a) Schematic of the polarization diversity phase modulator.
PBS, polarizing beam splitter; RF, radio frequency; EOM, electro-optic phase
modulator; PZT, piezoelectric phase shifter; FPGA, field-programmable gate
array; CW laser, continuous-wave laser. Normalized optical power scattered
into the +1 sideband, as a function of input polarization, for (b) a standalone
EOM and (c) the PDPM. SA, slow axis of polarization-maintaining fiber; FA,
fast axis of polarization-maintaining fiber.
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nents that propagate along separate channels. Both channels of the device use polarization-

maintaining (PM) fiber and light in each channel is modulated independently by one of two

different EOMs. A second PBS recombines light from the two channels to return a phase

modulated version of the arbitrarily polarized input signal. Fig. 3.1 (b) and (c) show

results from PDPM testing with classical light. The two plots show the amount of power

scattered into the +1 sideband, as function of polarization state at the input, for both a

standalone EOM and the PDPM.

In addition to polarization-insensitive phase modulation, compatibility with polarization

entanglement requires a fixed phase relationship between the state of polarization entering

the PDPM and the state of polarization exiting the PDPM. In other words, there needs to

be a fixed path length difference between the arms of the device. In the absence of any active

stabilization, we determined that the path length difference between the arms of the PDPM

fluctuates over a 60 fs range. Consequently, the PDPM scrambles the polarization state of

any photons, or photon pairs, that pass through it.

To minimize these fluctuations in the path length difference, a piezoelectric phase shifter

(PZT) is included in one arm of the PDPM. Fluctuations in the path length difference were

monitored by sending light from a CW laser through the PDPM in the backward direction.

This light exits the input PBS through the top port [Fig. 3.1 (a)] and is sampled by a

polarizer oriented at 45◦ and sent to a photodiode. Based on the photodiode current, a field-

programmable gate array controls the PZT to stabilize the path length difference between

the arms of the PDPM.

3.1.2 PDPM characterization with quantum light

While the eventual goal is to implement frequency bin quantum gates that are insensitive

to and do not (irreversibly) modify the input polarization state, elements capable of such

frequency transformations, like QFPs [30 ] and coupled-cavity electro-optic modulators [91 ],

are relatively recent developments. Therefore, we use measurements of two-dimensional

frequency-bin entanglement (section 2.1 ) as a proxy for how more advanced elements might

function when incorporated in a polarization diversity scheme. Our experimental setup is
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illustrated in Fig. 3.2 . Time-energy entangled photons are generated by SPDC in a PPLN

ridge waveguide engineered for type-II phase matching. The crystal is pumped by a CW laser

(λ ∼ 780 nm). In order to generate photon pairs also entangled in polarization state, we tune

the pump wavelength and the PPLN temperature to ensure (spectrally) degenerate down-

conversion [92 ]. Temporal walk off between horizontally- and vertically-polarized components

of the biphoton, which occurs both in the PPLN waveguide and the PM fiber-based output

coupler, is compensated for with a 90◦ splice of PM fiber (to flip photons on the slow axis to

the fast axis and vice versa) followed by a prescribed length of PM fiber (∼ 63 cm, found by

Figure 3.2. Experiment for generating and measuring frequency-bin entangle-
ment in hyperentangled BFCs. CW laser, continuous-wave pump laser; PPLN,
periodically-poled lithium niobate waveguide; PS, pulse shaper; PDPM, polar-
ization diversity phase modulator; PC, polarization controller; λ/2, half-wave
plate; PBS, polarizing beam splitter; SPD, single-photon detector; TIA, time
interval analyzer.
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the cutback method to optimize polarization entanglement). As a result, any two energy-

matched frequency bins (−1 and 1 or −3 and 3) are also entangled in polarization state

[Fig. 2.6 (c)] and ideally in the form |Ψ〉spin ∝ |HV 〉SI + eiφ |V H〉SI .

We use pulse shaper PS1 [Fig. 3.2 ] to project the biphoton onto state |Ψ〉 ∝
(
eiφ1 |1,−1〉SI+

|3,−3〉SI

)
⊗ |Ψ〉spin by passing bins −3, −1, 1, and 3 such that bins −1 and 1, as well as

bins −3 and 3, are frequency-entangled. The separation between frequency bins populated

by the signal, i.e., bins 1 and 3, is 36 GHz and likewise for frequency bins populated by

idler. All frequency bins were programmed to have a 3 dB bandwidth of 12 GHz. To

characterize frequency-bin entanglement for this state, we project comb line pairs |1,−1〉SI

and |3,−3〉SI , albeit probabilistically, into an indistinguishable superposition, i.e., onto state

|2,−2〉SI . The PDPM, whose arms are matched both in terms of optical path length and

RF drive, performs this operation in a polarization-insensitive manner. By sweeping the

joint phase on |1,−1〉SI , we map the linear spectral phase ramp to a sinusoidal variation in

the overall amplitude of superposition state |2,−2〉SI and, therefore, in the probability of

detecting coincidences between the corresponding frequency bins.

3.1.3 Preservation of correlations in polarization state

To assess whether the PDPM can implement frequency-mixing operations while pre-

serving correlations in polarization state, we equip the output ports of pulse shaper PS2

[Fig. 3.2 ] with polarization analysis modules (half-wave plate + polarizer). Two-photon

interference traces to characterize frequency-bin entanglement were recorded for four signal–

idler polarization settings − V H, HH, AD, and DD (H = horizontal, V = vertical, D

= diagonal, A = antidiagonal). Polarization entanglement ensures strong correlations for

certain polarization settings (V H and AD) and no correlations for others (HH and DD).

The visibility of the interferograms in Fig.3.3 (a) and (c) exceeds the classical threshold of
1√
2 needed to violate a Bell inequality under the assumption of symmetric noise model [58 ],

[59 ], thereby confirming frequency-bin entanglement in the biphoton state. Since we are only

able to generate high-visibility and high-amplitude quantum interference in the frequency

domain only for specific polarization settings, this strongly suggests that polarization en-
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Figure 3.3. Two-photon interference traces showing the coincidence rate
for superposition state |2,−2〉SI as a function of the joint phase applied to
|1,−1〉SI. Coincidences are acquired over 150 s and presented without back-
ground subtraction. Interferograms are shown for four signal–idler (blue–red)
polarization settings – (a) vertical–horizontal; (b) horizontal–horizontal; (c)
antidiagonal–diagonal; and (d) diagonal–diagonal. Insets show the relative
orientation between each photon and polarizers in their respective polariza-
tion analysis modules.

tanglement is preserved after frequency-mixing by the PDPM. A natural next step is to

use the PDPM to implement probabilistic qubit rotations in a dense coding scheme where

hyperentanglement-assisted Bell state analysis [77 ] is used to discriminate all four frequency

bin Bell states.

3.2 Integrated Quantum Frequency Processor

As noted earlier, one challenge of working with frequency-encoded quantum information

is that there exists no standalone (and commercially available) component to implement

deterministic logic gates with frequency qubits or qudits. EOMs (standalone or PDPM),

when driven with a single RF tone, scatter an input frequency bin into a comb-like spectrum

instead of into only two or d frequency bins, as required for deterministic qubit or qudit

operations, respectively.
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Figure 3.4. (a) Programmable unitary network (U) where interference be-
tween waveguide paths is mediated by Mach-Zehnder interferometers and
phase shifters. Source: Ref. [93 ]. (b) Quantum frequency processor depict-
ing multimode interference in the spectral domain. EOM, electro-optic phase
modulator; PS, pulse shaper. Source: Ref. [51 ]

The QFP paradigm [32 ] overcomes this limitation by harnessing multimode interference in

the spectral domain to realize deterministic frequency mode transformations and, therefore,

deterministic logic gates for frequency-encoded quantum information. It is instructive to

consider the analogous implementation based on coupled waveguide arrays [Fig. 3.4 (a)]. In

so-called path-encoded schemes, N input waveguides, or paths, are coupled to one another

through a network of 2 × 2 tunable beam splitters (Mach-Zehnder interferomters, to be

precise) and phase shifters. With N(N−1)
2 unit cells, where each cell comprises a 2×2 tunable

beam splitter and a phase shifer, these systems can implement arbitrary transformations

between N input paths and N output paths.
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In the spectral domain, EOMs and Fourier transform pulse shapers take the place of 2×2

tunable beam splitters and phase shifters, respectively. Consequently, with a concatenation

of EOMs and pulse shapers, one can realize any arbitrary frequency mode transformation in

a theoretically scalable fashion. However, there is a critical difference between path–based

programmable unitaries [Fig. 3.4 (a)] and the QFP protocol. Unlike 2 × 2 beam splitters

and phase shifters, EOMs and pulse shapers operate on a multitude of modes simultaneously

and not just on one or two at a time [Fig. 3.4 (b)]. Consequently, the number of resources

required to implement N -dimensional operations scales, to first order, as O(N) instead of as

O(N2) [32 ]. It is worth noting that resources (free parameters, technically) refers not only

to concatenations of EOMs and pulse shapers, but also to the number of RF harmonics used

to drive the EOMs.

3.2.1 Background

The QFP paradigm for discrete variable frequency encoding offers three compelling ad-

vantages. The first is that it admits massive parallelization of quantum operations in a single

spatial mode [30 ] [Fig. 3.5 ]. Secondly, this architecture relies on high-speed electro-optic

modulation and, therefore, has the potential to permit fast reconfiguration of quantum gates.

Lastly, the frequency degree of freedom supports multilevel quantum information (qudits),

opening the door to high-dimensional encodings that are compatible with multiplexing in

the spectral domain, stable over single mode fiber, and able to leverage deployed fiber-optic

infrastructure.

Demonstrations to date [30 ], [35 ], [36 ] have relied on discrete components. While these

components offer the reliability one comes to expect of commercially available telecommu-

nications equipment, they introduce relatively high optical losses. Typical insertion losses

for EOMs and Fourier transform pulse shapers are on the order of 3 − 4 dB and 4 − 5 dB,

respectively. In other words, the insertion loss of a three-element QFP (EOM – pulse shaper

– EOM) constructed from discrete components will be at least 10 dB. If this loss is experi-

enced by both photons participating in a joint measurement, this results in at least a 20 dB

drop in the two-photon event rate.
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Figure 3.5. High-level illustration of parallel quantum operations imple-
mented in single quantum frequency processor across many spectral channels.
Source: Ref. [35 ]

Another limitation imposed by discrete components is that adjacent frequency modes

need to be separated by at least 20 GHz – set by the resolution of commercial pulse shapers

– in order to avoid intermodal crosstalk. Consequently, if one wants to efficiently mix even

just adjacent modes, EOMs need to be driven with at least a 20 GHz RF tone. However, to

connect more distant modes, a requirement to synthesize high-dimensional quantum gates

with a QFP, one needs access to not just to a 20 GHz tone but also to higher RF harmonics.

For example, to permit the full range of two-dimensional quantum operations with both

high fidelity (F > 0.9999) and high success probability (P > 0.95) using just two EOMs

and a pulse shaper, the RF drive needs to include at least two harmonics [35 ]. Similar

behavior holds for higher dimensions as well. This interplay between the EOM bandwidth

(BWRF) and the separation between adjacent modes (∆foptical mode) is a rough gauge of gate

complexity supported by a QFP. To first order, the ratio BWRF
∆foptical mode

corresponds to the

highest dimensional gate set one can synthesize using a three-element QFP. Consequently,

even with a generous RF bandwidth of 60 GHz, which is close to the upper limit of what one

can do with commercially available components, one is limited to just 3-dimensional gates

owing to the 20 GHz pulse shaper resolution.

For these reasons, realizing the full potential of quantum information processing in the

frequency domain will require the migration of functionality to an integrated optical platform.
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In addition to a reduction in optical loss, integrated photonics will enable more complex

operations, either by increasing the number of RF harmonics accessible to the system or by

permitting realization of QFPs that comprise concatenations of additional pulse shaper and

modulator elements. Such a system would be well-suited to address the following near-term

challenges in quantum information science:

1. High-dimensional encoding for information transport more robust to loss [94 ],

2. Photon-photon interconnects compatible with frequency mismatch [75 ], and

3. Agile any-to-any wavelength hopping for in-band quantum frequency conversion with-

out pump fields [50 ].

3.2.2 Technical Approach

As was just noted, the complexity of QFP operations can be increased in one of two

ways –- (a) increasing the number of elements (EOMs and pulse shapers) concatenated, and

(b) increasing the number of RF harmonics (multiples of the fundamental mode spacing)

accessible to the QFP. While there is potential to reduce on-chip losses sufficiently that a 5-

or 7-element QFP can provide acceptable performance, this route also presents challenges

from standpoint of electronic-photonic integration as one needs to deliver control signals to

multiple spectral channels across multiple pulse shapers.

A more practical approach to increasing gate complexity in a QFP is by increasing the

number of RF harmonics accessible to the system. This does not require adding more physical

blocks or elements and is a scaling advantage unique to the QFP. While discrete components

limit any QFP implementation to at least a 20 GHz separation between adjacent modes, one

can leverage integrated photonics to increase the number of RF harmonics accessible to the

system by decreasing this minimum separation between frequency modes [Fig. 3.6 ]. Spectral

filters with sub-GHz linewidths and low drop port loss have recently been demonstrated

using commercial foundries [95 ], suggesting that pulse shapers based on banks of add-drop

filters [96 ], [97 ] can support channel separations on the order of 2 − 4 GHz. This would,

in principle, permit access to 6 − 12 RF harmonics using commercially available arbitrary
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Figure 3.6. Limitations on frequency mode separation for a QFP imple-
mentated with discrete components (left) compared to one implemented in
integrated photonics (right). The illustration highlights their impact on the
number of RF tones accessible to a QFP.

waveform or bit sequence generators (25 GHz analog bandwidth). Consequently, rather

than simply enhancing SWaP metrics, photonic integration will enable fundamentally new

quantum functionality.

With regard to material platform, no one choice stands out above the rest. Low waveg-

uiding loss is critical to realizing the narrow linewidth filters required of the pulse shaper,

while the presence of a strong χ(2) optical nonlinearity is critical to efficient modulation of the

guided optical mode in EOMs. Narrow linewidth filtering, or the potential to support narrow

linewidth filtering, has been demonstrated in silicon [95 ], silicon nitride [98 ], and thin-film

lithium niobate [99 ]. Of these, only thin-film lithium niobate supports a χ(2) nonlinearity,

making it the only option to realize a monolithic QFP.

However, decades of semiconductor R&D investment has motivated efforts to either

improve silicon modulators based on free carrier dispersion [100 ] or introduce an optical

nonlinearity through hybrid geometries [101 ]–[103 ] or heterogeneous integration [104 ]. One

approach in particular, which is based on incorporation of organic electro-optic material

(OEO), shows particular promise for quantum applications [101 ], [105 ]. Although so-called

silicon-organic hybrid (SOH) modulators have fallen out of favor for classical applications

owing to photo-induced degradation of OEO material [106 ], this is not a concern at the

66



Figure 3.7. Comparison of modulators in references [102 ], [103 ], [105 ], [107 ].

single-photon level. In addition to allowing one to leverage the maturity of silicon photonics,

SOH modulators support higher modulation efficiencies [101 ], [105 ] than thin-film lithium

niobate (TFLN) as partly evidenced by their voltage-length products of 0.03 − 0.04 V·cm –

a value over 65× lower than even the best result with thin-film lithium niobate [107 ].

While this number is certainly impressive, a fair comparison should account for the fact

that SOH modulators are based on a slot waveguide geometry, which maximizes field overlap

(between the optical mode and the driving RF waveform) at the expense of optical loss. A

good figure of merit against which to compare modulators with different geometries is the

voltage-loss product (αVπL), a metric that is independent of device length and commonly

expressed in units of V·dB. Quite simply, this number represents insertion loss of a device

that is scaled to introduce a π phase shift at a bias of 1V, i.e., its half-wave voltage (Vπ)

is 1V. A summary of the best performing devices for the platforms cited above is presented

in Fig. 3.7 . In terms of the voltage-loss product, SOH and TFLN modulators stand apart.

While TFLN modulators offer better performance in terms of optical loss, SOH modulators

have significant advantages in terms of device footprint and foundry-scale production.

In sum, our design for an integrated quantum frequency processor will address the chal-

lenge of optical loss through the development of short (∼ 100µm-long) SOH modulators and

limitations on gate complexity through the development of pulse shapers that can address

individual channels separated by 2 − 4 GHz.
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3.2.3 System Design and Modeling

Pulse shaper

Fourier transform pulse shapers [33 ], [34 ] can be realized in integrated optical platforms

through banks of add-drop filters [96 ], [97 ], [108 ]. In the most straightforward conception

[Fig. 3.8 ], an individual channel in an integrated pulse shaper includes a microring filter

to “download” a target frequency mode (λ1) from an input bus waveguide that carries a

broadband optical signal. This is followed by a (thermo-optic) phase shifting element to

introduce the prescribed phase shift and a microring filter to “upload” the phase-shifted

frequency mode (λ1) onto an output bus waveguide. By building many such channels in

parallel, each operating at a different center wavelengths (λ2, λ3, λ4...λN), one can implement

a Fourier transform pulse shaper in integrated photonics.

Figure 3.8. A single pulse shaper channel comprising a “download” filter
to pick off a frequency mode at wavelength λ1, a thermo-optic phase shifter
to introduce the prescribed phase shift, and an “upload” filter to load the
phase-shifted frequency mode onto a common output bus waveguide.

One limitation of filters based on a single optical microresonator (ring or racetrack ge-

ometry) is that their spectral response is characterized by a Lorentzian lineshape [109 ], [110 ]

in contrast to the box-like filter response that one would prefer in an ideal system. Coupled

microresonators can approximate this box-like response [108 ]–[110 ], but at the cost of added

system complexity as each microresonator in a filter requires independent electrical drive

(for wavelength trimming).
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For the geometry in Fig. 3.8 , each pulse shaper channel requires three independent drive

lines – two for the microring filters and one for the phase shifting element. All the ground

lines can be collected at a common plane, thus requiring 4 electrical lines per pulse shaper

channel. If control electronics support addressing 96 channels, which represents an aggressive

but reasonable target for integrated photonic microsystems, one is limited to control over

24 pulse shaper channels. Filters based on coupled microresonators, i.e., higher order filters,

will require at least two additional lines for electrical drive per channel. In the case of second

order filters (two coupled microresonators per filter), that would reduce the number of pulse

shaper channels in the system to 16. That number in the case of third order filters is 12.

Consequently, there is a tradeoff between achieving a box-like filter response and the number

of pulse shaper channels one can address with a fixed number of electrical drive lines.

To gauge the impact of pulse shaper channel count on QFP gate performance, we run

through a numerical optimization routine to identify the number of independent modes

that need to be addressed to support a d-dimensional discrete Fourier transform (DFT)

gate [32 ], [111 ] [Fig. 3.9 ]. Each d-dimensional DFT gate is presumed to have access to

Figure 3.9. Numerical simulation of high-dimensional discrete Fourier trans-
form (DFT) gates showing fidelity and success probability as a function of the
number of addressed modes, i.e, the number of pulse shaper channels. For
each d-dimensional DFT gate, the QFP can access (d− 1) RF harmonics.
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(d − 1) RF harmonics. As noted earlier, with a target mode separation of 2 − 4 GHz

and an analog bandwidth of 25 GHz, an integrated QFP will have the 9+ RF harmonics

needed to implement a 10-dimensional DFT gate. To realize this gate with both high fidelity

(F > 0.999) and high success probability (P > 0.95), the pulse shaper in a three-element

QFP will need to address 24 frequency modes. A 10-dimensional DFT gate represents a

significant leap over anything achieved not only in frequency, but also in other degrees of

freedom [Fig. 1.1 ]. The need for 24 addressable modes effectively determines the pulse

shaper channel geometry for our three-element QFP – a thermo-optic phase shifter between

two first order microresonator-based filters.

The Lorentzian lineshape of filters in the pulse shaper impose a penalty on QFP per-

formance. Two effects are of particular concern – added optical loss from clipping of the

input mode and crosstalk between adjacent channels. Fig. 3.10 (a) shows the spectral re-

Figure 3.10. Plots show the overlap between the spectral response of a pulse
shaping filter element (blue) and an input mode (red). (a), (c) consider the
effect of filter lineshape on the transmission of a selected input mode. (b), (d)
consider the effect of filter lineshape on crosstalk from an undesired/unselected
mode.
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sponse of a filter based on a single microresonator (blue) and the power spectral density

of a hypothetical input mode (red), where ∆finput = 0.1∆ffilter. We assume that the input

mode has a Lorentzian lineshape as well, a reasonable assumption given the use of optical

microresonators to generate frequency bin-entangled photon pairs [48 ], [49 ]. For this ratio

of mode linewidth (∆finput) to filter bandwidth (∆ffilter), i.e., ∆finput
∆ffilter

, 91% of the power in

the input mode exits the drop port of the filter. This represents an additional 0.4 dB loss

over any non-unity drop port transmission. Fig. 3.10 (c) shows the effect of this additional

loss as a function of ∆finput
∆ffilter

. The narrower the linewidth of the optical mode relative to the

filter, the greater the fraction of power passed by filter. From a practical standpoint, a ratio

Figure 3.11. Heat map showing the transformation fidelity of a Hadamard
gate implemented on a three-element quantum frequency processor. The quan-
tum frequency processor comprises ideal modulators (index modulation linear
with applied voltage) but includes a pulse shaper based on add-drop filtering
with single microresonators. Transformation fidelity is plotted as a function
of separation between adjacent frequency modes (“Spacing”, y-axis) and the
linewidth of frequency modes (“Mode Bandwidth”, x-axis). Both the mode
separation and mode linewidth are presented relative to the filter bandwidth
(“Filter BW”).
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of 0.1 between the mode linewidth and filter bandwidth aligns with source (mode linewidth

< 200 MHz) and device parameters (filter bandwidth < 2 − 4 GHz) under consideration.

An example of crosstalk from an undesired mode is plotted in Fig 3.10 (b). For a

detuning of 3.7∆ffilter between the the filter and the input mode, 2% of the power from

this undesired mode is captured by the drop port of the filter. Fig. 3.10 (d) plots this

crosstalk as a function of the detuning between the mode and the filter (under the assumption
∆finput
∆ffilter

= 0.1). To limit power from adjacent modes to 2% or less, the separation between

frequency modes needs to be greater than 3.7∆ffilter. For crosstalk on the order of 1% and

0.5%, the separation between frequency modes needs to be at least 5.2∆ffilter and 7.4∆ffilter,

respectively. Conversely, one could view this criterion as setting an upper limit on filter

bandwidth for a particular mode separation and specified level of crosstalk.

We quantify the effect of non-ideal filter response on system performance by modeling

the transformation fidelity of a Hadamard gate implemented on a QFP featuring such a

pulse shaper. Results from simulation are presented in Fig. 3.11 . This model shows that

transformation fidelity exceeds 0.999 when the separation between frequency modes is at

least 4× the filter bandwidth assuming ∆finput
∆ffilter

value of 0.1.

Electro-Optic Modulator

The basic geometry of a silicon-organic hybrid (SOH) modulator is presented in Fig. 3.12 .

The slot waveguide is formed by two silicon rails (wrail ×hrail) that are separated by a narrow

slot (wslot). The slot, as well as the area surrounding silicon rails is filled with an organic

electro-optic (OEO) material. The silicon rails are lightly doped and connected to metal

transmission lines through doped silicon slabs (wslab × hslab). As all elements - from the

metal transmissions lines down to the lightly doped silicon rails - are conductive, most of the

applied voltage drops across the OEO-filled slot (wslot). Confinement of the optical mode in

the slot results in strong overlap between the modulating radiofrequency field (ERF) and the

electric field of the guided optical mode (EOPT).

The obvious drawback to bringing conductive material so close to the optical mode is

that the geometry results in high optical loss per unit length. However, this optical loss is
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Figure 3.12. (a) Cross section of the slot waveguide in a silicon-organic
hybrid modulator showing all relevant dimensions and layers. (b) Perspective
view showing essential modulator components.

compensated for by two factors – (a) high overlap between the RF (ERF) and optical fields

(EOPT), and (b) the ultra-high in-device electro-optic (EO) coefficient of state-of-the art

OEO material [101 ].

Organic Electro-Optic (OEO) Material: High-performance OEO material used in

plasmonic-organic hybrid [112 ], [113 ] (POH) and SOH modulators typically consists of chro-

mophores with a large molecular hyperpolarizability that are functionalized with pendant

groups and may also be blended with an inactive polymer matrix in order to form a solution-

processible material [114 ]–[116 ]. Unlike crystalline EO materials such as lithium niobate,

where a specific cut of the crystalline orientation is required to achieve alignment between

RF and optical fields for maximum EO effect, OEO materials achieve molecular alignment

through a one-time electric field poling process [101 ]. The chip is heated close to the glass

transition temperature and a DC poling voltage is applied across the electrodes to align

the dipolar chromophores. The acentric ordering is frozen by cooling the device to room

temperature while maintaining the DC poling field.
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The best performing, foundry-compatible SOH modulators have relied on the chro-

mophore JRD1 [101 ], [105 ]. One reason for its high performance is that it can be used

in high number densities without a polymer host and avoids centrosymmetric pairing of

chromophores. As result of this high dipole density, bulk values for (n3r33) in excess of 3850

pm/V have been measured [101 ].

Waveguide Geometry: Fig. 3.12 (b) is a perspective illustration of the SOH modu-

lator. A 480 nm-wide silicon strip waveguide transitions from an oxide-cladded region to a

trench opened in the oxide cladding. The trench, or pocket, is filled with the chromophore

JRD1. A strip-to-slot mode converter transitions the guided mode to the slot waveguide.

Following propagation through the slot waveguide, a second mode converter transitions the

mode back to a strip waveguide for routing across the rest of the chip. There is a disconti-

nuity in the cladding index at the oxide-trench interface, which is a potential source of back

reflections. However, mode overlap simulations indicate that such back reflections will be

less than 1%.

A cross section of the slot waveguide is shown in Fig. 3.12 (a). Many of the parameters

are fixed by the foundry –- slab height (hslab), rail height (hrail), and the metal electrode

separation (set by the width of the trench containing OEO material). Of the parameters at

our discretion, the slot width (wslot) has been the subject of extensive work in both SOH [101 ],

[105 ], [106 ], [117 ], [118 ] and POH, i.e., plasmonic-organic hybrid devices [116 ] with tradeoffs

identified and in some cases well quantified [116 ]. These trade-offs are best understood by

considering the general expression for the half-wave voltage (Vπ) of an electro-optic phase

modulator:

VπL = λd

2Γn3r33
(3.1)

In the case of a slot waveguide-based SOH modulator, d corresponds to the width of the

slot (wslot) and Γ to an integral that captures two critical effects – (a) the confinement of

the optical mode in the slot and (b) the overlap between the electric fields of the optical

mode (EOPT) and the driving RF waveform (ERF). n3 and r33 refer to the refractive index
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(cubed) and the effective EO coefficient of OEO material after a one-time electric field poling

process [101 ], respectively.

All else being equal, a reduction in wslot (d) results in a decrease in the half-wave voltage

as the voltage is dropped over a shorter length (ERF = VRFwslot). The shorter slot width also

results in an increase in the overlap between the electric field of the guided optical mode and

the driving RF waveform (see Supplementary Material in Ref. [101 ]), which further serves

to reduce the half-wave voltage.

One expects that n3r33 would be independent of slot width. This is true in the sense that

after the one-time DC poling process, where the acentric ordering of dipolar chromophores

are frozen in place, n3r33 is fixed. However, this value depends critically on the particulars of

the poling process. Ref. [101 ] investigated the performance of two SOH modulator variants

with the only difference between them being their slot widths. The device with the larger

slot width (190 nm) supported higher values of (in-device) n3r33 because a smaller fraction of

chromophores are immobilized due to adhesion to the silicon sidewalls in the slot. However,

this improvement in n3r33 was compensated for by an increase in the field overlap (ERF ·

EOPT), as well as a reduction in slot width, in devices with a 150 nm-wide slot. Consequently,

both devices ultimately achieved the same modulation efficiency (VπL).

This certainly does not suggest that the SOH device performance is independent of slot

width. Instead, 150 nm to 190 nm represents a optimal range for high-performance devices.

Earlier work investigated precisely this dynamic – the effect of slot width on different figures

of merit, albeit for POH modulators [116 ]. While the materials and length scales are different

for SOH and POH devices, the fundamental tradeoffs are similar. What this work found

was that if one moves from wide slot widths to narrower slot widths, VπL decreases up to

a point and starts to pick up again. This inflection point occurs for slot widths of around

60 nm in POH devices and, from our survey of SOH literature [101 ], [105 ], [106 ], [117 ], [118 ],

at around 150 nm in SOH devices.

This discussion of modulation efficiency obscures the fact that our design target, at

least for quantum applications, is not high modulation efficiency. However, high modulation

efficiency permits large phase swings with shorter device lengths, which in turn permits lower
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optical loss. Consequently, a choice of slot width between 150 nm and 200 nm should ensure

optimal loss performance.

One parameter not set by the foundry is the rail width (wrail). Fig. 3.13 shows data from

simulations of SOH modulators with different slot widths (150 nm and 200 nm). The optical

power confined to different device segments – slot, rails, and slab – are plotted together

on this graph. A rail width of 215 nm (220 nm) for the 150 nm-wide (200 nm-wide) slot

waveguide results in maximum confinement of the optical mode to the slot.

Figure 3.13. Data from simulations showing the effect of rail width on optical
power confined in the slot, rail, and slab of the SOH modulator. Data for two
different device geometries are included – a 150 nm-wide slot waveguide and
a 200 nm-wide slot waveguide.

It is worth noting that as more power is confined to the rails and the slab, optical loss

increase as these device segments consist of doped silicon. Consequently, without additional

information it is not clear that maximizing the optical power confined to the slot of the

waveguide will result in optimal performance, i.e., low loss per unit phase swing. However,

ref. [118 ] isolated different contributions to device loss and found that a significant fraction of

optical loss is the result of scattering at the sidewalls in the slot. Consequently, an attempt

to minimize optical power confined in doped silicon will only affect a minor contributor to
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device loss while also reducing an important factor that contributes to increased modulation

efficiency – confinement of the optical mode in the slot.

Electrode Geometry: An advantage of slot waveguide SOH modulators, from a design

point of view, is that their electrode geometry is very similar to that in depletion mode

p− n junction silicon modulators, which are based on free carrier dispersion and have been

extensively studied [119 ]. The electrical drive signal is applied across metal transmission

lines, which can be modeled by a series resistance (RTL), a series inductance (LTL), and

a shunt capacitance (CTL). For practical doping concentrations, the conductivity of the

doped silicon slab is much smaller than the conductivity of the metal transmission line.

Consequently, electrical currents in the direction of propagation are confined to the metal

transmission line. The currents in the doped silicon slab flow predominantly in the transverse

direction, i.e., currents flow between the metal and the slot. This understanding tracks with

work reported in ref. [120 ]. Therefore, the effect of the slot waveguide, which comprises

rails and slabs made of doped silicon, can be accounted for by adding a shunt resistance

in the equivalent circuit. Finally, experiments have confirmed that negligible currents flow

through OEO material in the slot, i.e., it behaves like a dielectric and can be modeled as a

capacitance. In other words, the effect of the slot waveguide is to add a RC shunt to the

circuit that describes the metal transmission line [Fig. 3.14 ].

The treatment in ref. [120 ] is directed to SOH devices and it focuses on phase-matched

transmissions lines with long (mm-scale) interactions lengths. While this treatment is apt

for depletion mode p− n junction silicon modulators, it is less so for SOH devices based on

materials available today. In particular, there has been tremendous progress in the synthesis

of OEO materials with ultra-high efficiencies [115 ], as well as in realizing high values of in-

device n3r33 [101 ]. This progress has made it possible to reduce interaction lengths below 1

mm [105 ]. For this reason, Zwickel et al. [118 ] adapted the framework in ref. [120 ] to focus

on the bandwidth- and loss-limiting effects of doped silicon waveguiding element, i.e., the

RC shunt.

We now provide a qualitative description of the electrode geometry before moving on to

the proposed design. When a DC electrical signal is applied to the metal transmission lines,

the voltage predominantly drops across the slot, which is filled with OEO material. This
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Figure 3.14. Illustration of SOH modulator electrode geometry (top) and the
equivalent distributed element circuit model (below). Since the resistivity of
the metal electrodes (RTL) is far lower than that of the slab (Rslab), longitudinal
(z-direction) currents flow only in the metal and currents in the doped silicon
slab are predominantly transverse (x-direction). As a result, the slot waveguide
can be modeled as a RC shunt.

is true even when the slab conductivity (resistivity) is low (high). If the slab conductivity

is pinned at a “low” value while the frequency of the applied signal is increased, the slot

capacitance will not be fully charged and discharged during each cycle. However, as there

is negligible current flowing through the doped silicon elements, RF propagation loss will

be low. In this limit, modulator bandwidth is limited by the time constant of RC shunt.

Consequently, low conductivity in doped silicon limits the bandwidth of the SOH modulator

even though RF propagation losses are low. When the conductivity of doped silicon is

increased, the bandwidth over which the slot capacitance is fully charged and discharged

during each cycle increases. At the same time, one picks up RF propagation loss since more

current flows through the slab and rails. This RF propagation loss is frequency dependent and

steadily increases for frequencies between the corner frequencies of the metal transmission

line and the RC shunt. Now the modulator bandwidth is limited by RF propagation loss.

These are the two dominant bandwidth-limiting effect in sub-mm SOH modulators.
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One limitation of recent work on SOH modulators is that in almost all cases substrate

biasing (to induce an electron accumulation layer in the doped silicon slab) was required to

achieve operating bandwidths in the 10s of GHz. In addition to requiring very high voltages

(100 V – 300 V), this approach suffers from the additional drawback that the electron

accumulation layer is induced throughout the slot waveguide, including regions close to the

optical mode. Consequently, free carrier-induced optical losses can be quite high. Our choice

of foundry enables a workaround to this limitation – two-step or three-step doping profiles.

In particular, AIM Photonics offers mutliple doping concentrations for each type of dopant,

which makes it possible to have a weakly doped slab (and rail) in the vicinity of the guided

optical mode and much higher doping concentrations closer to the metal transmission line.

This optimization of the slab doping profile will make it possible to operate SOH modulators

without substrate biasing and without incurring unnecessarily high optical losses.

Figure 3.15. Cross section of slot waveguide modulator showing metal rout-
ing layers (light blue), metal vias (dark blue), OEO material (green), oxide
cladding (gray), doped silicon (maroon), and undoped silicon (dark gray)
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A cross section of the slot waveguide modulator with all dimensions relevant to electrode

modeling are presented in Fig. 3.15 . In line with previous work [120 ]–[122 ], we model

the RF response of the modulator by treating the SOH modulator as a lumped element

(RC shunt). As noted earlier, this is because the conductivity of the silicon slab is much

lower than that of the metal routing layers, with the net effect that longitudinal currents

(into the page in Fig. 3.15 ) flow only in the metal. In addition, the bottom metal layer is

segmented (10µm-deep segments each and going into the page) so that it, together with the

metal vias, behaves merely as a contacting element rather than as a coupled transmission

line. Consequently, we first model the behavior of the upper metal layer, which behaves as

a transmission line, with a finite element solver and then incorporate the effect of the slot

waveguide (doped silicon slab and slot capacitance) by adding a RC shunt to the equivalent

distributed element circuit model (illustration at the bottom of Fig. 3.14 ).

Owing to process constraints set by the foundry, the only parameters one can are the

width of the slot waveguide (already determined from consideration of optical performance),

the doping profile in the silicon slab (determines the resistance of the RC shunt), and the

width of the upper metal trace that forms the transmission line. Results of our modeling

are presented in Fig. 3.16 for a slot width of 150 nm, a slab conductance of 100 S/m, an

upper metal trace separation of 30µm, and an upper metal trace width of 30µm.

From the data in Fig. 3.16 it is clear there will be some reflection of RF power from

a 50 Ω driver, as well as a need to terminate the transmission line with a resistance higher

than 50 Ω. As the SOH modulators in our initial fabrication run are 350µm long, well

below the wavelength of the quasi-TEM mode in the transmissions line, velocity mismiatch

is unlikely to limit RF performance in the 10 − 20 GHz range. Nonetheless, we find a good

match between the effective index of the fundamental mode supported by the transmission

line (∼ 3.0 from Fig. 3.16 (a)) and the group index of the optical mode (∼ 3.05 − 3.15 from

simulations). Furthermore, for this device length transmission losses along the electrode are

expected to be less than 5%.
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Figure 3.16. Response of SOH modulator electrode geometry based on finite-
element simulations of the metal transmission line with the effect of slab resis-
tance and slot capacitance incorporated through a distributed element circuit
model. The electrode widths and the separation are each 30µm and the slot
width is 150 nm. (a) Attenuation and effective index of the supported quasi-
TEM mode as a function of frequency. (b) Real part of the device impedance
in ohms.

3.2.4 Projected Performance of the Integrated Quantum Frequency Processor

The approach outlined in this section presents low risk across a range of on-chip elements

(narrow linewidth filters, thermo-optic phase shifters) and subsystems (pulse shaper) as these

have all been demonstrated by our research group in the past [96 ], [97 ], or by customers

of AIM Photonics [95 ], or are available as foundry-qualified elements [123 ]. The biggest

risk concerns the development of SOH modulators. However, the primary criticism of this

platform – limited optical power handling – is not at all a concern for quantum light levels.

Instead the primary performance risk, at least for the QFP, comes from properly reconciling

differences between the design constraints of our foundry (AIM Photonics) with that of the

foundry used in many recent SOH modulator demonstrations (A*STAR) [101 ], [105 ], [118 ].
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Figure 3.17. Minimum and stretch design targets for the proposed three-element QFP

We compile all the relevant high-level and device-level performance targets and present

them together in Fig. 3.17 . Such a QFP can support network- and interconnect-related

information processing tasks [Chapter 4 ] while also opening up new avenues for the study of

high-dimensional quantum states. It should be emphasized that the minimum performance

targets are based on conservative estimates of component performance as even with the best

accounting unknown risks will arise over the course of development. Further, the integrated

QFP will be developed over the course of three fabrication runs, with incremental improve-

ments targeted in each round. The listed design targets represent performance at the end of

development.
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4. ENTANGLEMENT DISTRIBUTION AND NETWORKING

Within the overall landscape of quantum science and technology, the development of

quantum networks is critical for applications such as blind quantum computing, connected

quantum sensors, and distributed quantum computing [124 ]. At the most general level, such

networks will ultimately be tasked with entangling physically separated quantum nodes

and facilitating secure communication between distant parties. Accordingly, to the greatest

extent possible, photonic quantum networks should integrate seamlessly into existing fiber-

optic infrastructure, while also leveraging advanced techniques in modern classical lightwave

communications. The specific application of QKD has has made the leap from lab to field,

with many deployed QKD networks already demonstrated [82 ]–[87 ]. Nevertheless, the prac-

tical implementation of more general functionalities – extending beyond QKD to, e.g., the

distribution and verification of high-fidelity quantum entanglement for in principle arbitrary

protocols – represents an important need for quantum network development, particularly in

the context of approaches that are agile, resource-efficient, and extendable to many users.

To this end, we leverage wavelength multiplexing – a common tool in classical lightwave

communications – to support and enhance the performance of quantum networks. One

approach to quantum networking that has been gaining traction in recent years is based on

entanglement distribution by a central provider [125 ]–[131 ]. We build on work in this area

by leveraging flex grid technology to demonstrate reconfigurable distribution of quantum

entanglement in a four-user tabletop network. By adaptively partitioning bandwidth with a

single wavelength-selective switch, we successfully equalize two-party coincidence rates that

initially differ by over two orders of magnitude. To facilitate network functionality at higher

protocol levels [14 ], [15 ], we synthesized the first Bell state analyzer (BSA) that operates on

frequency mismatch directly using electro-optic frequency mixing techniques. Through the

use of interleaved frequency beam splitters [30 ], we realize unambiguous measurement of two

frequency-bin–encoded Bell states with discrimination accuracy exceeding 98%. This makes

it possible to break the tradeoff between spectral distinguishability and remote entanglement

fidelity and represents an important step toward the long-term vision of a quantum internet

that is compatible with both heterogeneous nodes and dense spectral multiplexing.
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4.1 Adaptive Bandwidth Management for Entanglement Distribution

 Over the last decade there has been a great deal of work on entanglement distribution by

a central provider [125 ]–[130 ]. In this paradigm, broadband, polarization-entangled photons

are carved into in a series of spectral slices, which are then distributed to different users in

the network. Since these photons are also entangled in the time-frequency degree of free-

dom, nonclassical correlations in polarization state are shared only between users who receive

energy-matched (ωsignal + ωidler = ωpump) spectral slices, or channels. Early work on this ar-

chitecture examined the feasibility of the approach in terms of entanglement quality across

the biphoton bandwidth [125 ], as well as in terms of advanced functionality such as users

simultaneously maintaining multiple two-party links [126 ]. Subsequent work introduced new

functionality like active switching [127 ], [128 ], for example. More recently, Wengerwosky et

al. [129 ] demonstrated a fully and simultaneously connected QKD network by multiplexing

multiple spectral slices to each user and doing so in a way that enabled a fully connected

graph, i.e., a network where nonclassical correlations in polarization state are shared by

every possible two-party link [Fig. 4.1 ]. This elegant demonstration relies only on passive

components for entanglement distribution, a hierarchical tree of dense wavelength-division

multiplexing (DWDM) filters, thereby permitting low-loss distribution of polarization en-

tanglement across the network.

One limitation to the use of nested DWDM filters for entanglement distribution is that

the approach is not scalable to networks larger than four or five users. For example, a

network of only eight users would require over one hundred DWDM filters (number of filters

scales as 2N2 − 3N ; requiring 104 filters when N = 8, where N is the number of users).

While no one spectral slice passes through every filter, at least a few would have to pass

through over ten DWDM filters –- effectively eliminating any loss advantage from the passive

approach. Recognizing this limitation, follow-on work [131 ] made use of 50 : 50 fiber-based

beam splitters to improve the scaling of this architecture by having two users share each

spectral slice. However, this improvement in resource scaling comes at the expense of higher

noise as one can no longer recover the two-party coincidence-to-accidental (CAR) ratio

↑ The results of this section have been published in [132 ]
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Figure 4.1. Network architecture in Ref. [129 ]. At the network provider, a
laser with a wavelength of 775 nm (green beam) is used to pump a temperature-
stabilized MgO-doped PPLN crystal (MgO:ppLN) in a Sagnac-type config-
uration to create a polarization-entangled state (“state preparation”). The
spectrum is then split into 12 International Telecommunication Union (ITU)
channels (identified by different colored symbols) by a cascade of band-pass
filters (“wavelength de-multiplexing”). The resulting 12 frequency channels
were combined into four single-mode fibres such that each user (Alice, Bob,
Chloe and Dave) receives three frequency channels (indicated by the coloured
symbols) and therefore shares a polarization-entangled pair with each of the
other users (“wavelength multiplexing”). Each of the four users receives only
one single-mode fibre from the network provider (“Distribution”), and analyses
the polarization with a half-wave plate (HWP) and a polarizing beam splitter
(PBS). The photons are then detected using one single-photon avalanche diode
detector (SPAD) per user (“Polarization analysis and detection”). CH, ITU
channel; DM, dichroic mirror; POLC, manual polarization controllers; YVO4,
yttrium orthovanadate plate.

owing to the intrinsic loss of 3 dB splitting. Moreover, this improvement only halves what is

a quadratic scaling in resources with the number of users. A further drawback of the nested

DWDM approach is that the network is not dynamic in any meaningful sense. Adding

and dropping users or altering how the spectrum is allocated requires physical rewiring of

DWDM filters and beam splitters by the central provider. While the realization of a fully

and simultaneously connected network architecture is appealing, it is an open question as to
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whether the advantage of using of only passive elements trumps concerns related to scalability

and dynamic reconfigurability –- features prized in classical lightwave communications.

4.1.1 Network testbed

Using off-the-shelf telecommunications equipment, we demonstrate a significantly im-

proved approach to entanglement distribution. In lieu of passive optical elements, we use a

wavelength-selective switch (WSS) to apportion the biphoton bandwidth between users on

a network. This approach provides a clear advantage in terms of network scalability as the

loss incurred during entanglement distribution is independent of the number of users (inser-

tion loss ∼ 5 dB). Furthermore, bandwidth allocation can be reconfigured dynamically with

simple electronic control. Consequently, the central provider of entanglement can not only

enable a fully and simultaneously connected network, but any arbitrary subgraph. Lastly,

the bandwidth of spectral slices routed to each user can be modified, thus making it possible

to boost or throttle the key rate for a particular two-party link without any modification to

the pair source or the pump laser and without affecting other links on the network.

Our testbed is illustrated in Fig. 4.2 . Similar to the experiments in section 3.1.2 (see text

for details), spectrally degenerate time-energy entangled photons are generated by type-II

SPDC in PPLN. Therefore, any two energy-matched spectral slices (ωsignal + ωidler = ωpump)

are entangled in polarization state. The output of the PPLN is sent to a WSS to multiplex

arbitrary spectral slices across the C- and L-bands to any one of four output ports. The only

limitation on this programmability is the resolution of the WSS (∼ 20 GHz), which sets a

lower bound on the bandwidth of individual spectral slices. Photons are then carried from

the output ports to four users by standard (single mode) optical fiber.

The users, identified as Alice, Bob, Carol, and Dave, are each equipped with a polarization

analysis module that includes a fiber-based polarization controller (FPC), a quarter-wave

plate (QWP), a half-wave plate (HWP), a polarizer, and a single-photon detector. The

FPC compensates for rotation of the polarization state that occurs during transmission be-

tween the source and the polarization analysis module. While the FPC can map the state

of polarization from the HV axes of the source to the HV axes of the polarization analysis
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Figure 4.2. Network testbed for adaptive entanglement distribution. CW
laser, continuous-wave pump laser; type-II PPLN, periodically-poled lithium
niobate waveguide engineered for type-II phase matching; WSS, wavelength
selective switch; FPC, fiber polarization controller; QWP, quarter-wave plate;
HWP, half-wave plate; PBS, polarizing beam splitter; SNSPD, superconduct-
ing nanowire single-photon detector; APD, single-photon avalanche diode.

module, there is no obvious way to compensate for the phase difference accrued between

two-photon basis states |HV 〉SI and |V H〉SI . In other words, the biphoton state at a pair

of polarization analysis modules is described by |Ψ〉 ∝ |HV 〉SI + eiφ |V H〉SI , where φ is

this unknown phase. Although polarization correlation measurements in the HV basis are

unaffected, one can only obtain high visibility in the DA basis for values φ ∈ {0, π}. We

compensate for the unknown phase φ by orienting all QWPs at 45◦, followed by additional ro-

tation of the HWP settings, for polarization correlation measurements in the DA basis [133 ].

The HWP angle at which maximum contrast is obtained corresponds to compensation of φ

and thus the “effective” DA basis; concretely, we set the angle such that the ideal quantum

state is |Ψ〉 ∝ |HV 〉SI − |V H〉SI . An event timer (TIA, Fig. 4.2 ) tabulates single-photon
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events from all users, which we use to generate a histogram of two-photon delays for all

two-party links.

We note that of the four detectors used in this testbed, two are SNSPDs while the

remaining are InGaAs avalanche photodiodes (APDs). The SNSPDs are used by Alice and

Bob and are each free running with a quantum efficiency ∼ 0.85 and a deadtime of 30 ns. The

InGaAs APDs, which are allocated to Charlie and Dave, are gated with a 20 MHz clock (10%

duty cycle) and have quantum efficiencies of ∼ 0.1 and 0.2, respectively, with deadtimes of

1000 ns. Fig. 4.3 (b) shows the singles rate at each detector when the WSS is programmed

to operate as a multiport (1 : 4) beam splitter over the full biphoton bandwidth. It is clear

that the singles rate is influenced not just by differences in detector efficiencies, but also by

the use of gated detection with a CW pump in the case of APDs.

Prior to apportioning the biphoton bandwidth for entanglement distribution over the

network, we first characterize the quality of polarization entanglement after the WSS using

Figure 4.3. (a) Sinc-squared fit to the normalized singles rate as a function of
detuning from the center of the biphoton spectrum. The locations of 12 pairs of
energy-matched spectral slices are overlaid on the spectrum. (b) Singles rate
at each user when the wavelength-selective switch is programmed to operate
as a 1 : 4 power/beam splitter. (c) Coincidence rate between Alice and Bob
(SNSPD–SNSPD link) for all 12 channels. (d) Bell state fidelity for all 12
polarization-entangled channels computed using Bayesian mean estimation.

88



Alice’s and Bob’s polarization analysis modules (SNSPD-SNSPD link). In particular, the

∼310 GHz-wide sinc-squared spectrum is carved into 24 spectral slices, each of which is

24 GHz wide and includes a central stopband [Fig. 4.3 (a)]. The filter response of the WSS

is centered with respect to the degeneracy point of the pump laser (ωpump
2 ). In other words,

spectral slices that are symmetric with respect to the center of the biphoton spectrum are en-

tangled in polarization state. We define a channel as a pair of such energy-matched spectral

slices and there are such 12 channels across the the biphoton bandwidth. Bell state fidelity,

relative to the |Ψ−〉 Bell state, is determined on the basis of four polarization correlation

measurements in each of two mutually unbiased bases (HV and DA). Despite the tomo-

graphic incompleteness of this two-basis-pair set, our use of Bayesian mean estimation [134 ],

[135 ] nevertheless enables us to obtain meaningful state estimates, which additionally – due

to the high correlations obtained – contain low uncertainty. Our measurement results using

the Bayesian tomography workflow of Ref. [74 ] are presented in Fig. 4.3 (d). For channels

1–11, which span most of the biphoton bandwidth, we are able to measure fidelities higher

than 0.95, which illustrates not only the high quality of compensation for polarization ro-

tation, but also the stability of the polarization diversity scheme of the WSS. As has been

noted in prior work [125 ], [127 ], there is a wavelength dependence to the unknown phase

φ accrued between two-photon basis states, which ultimately limits the fidelity of polariza-

tion correlation measurements when using a single setting {θQWP, θHWP} across the entire

biphoton bandwidth to compensate for this phase.

4.1.2 Bandwidth provisioning and entanglement distribution

The four-user network illustrated in Fig. 4.2 comprises six possible user-to-user con-

nections. Henceforth, a link is taken to mean a user-to-user connection between whom

nonclassical correlations in polarization state are shared. The uppermost illustration in each

of Figs. 4.4 (a), (b), and (c) is a representation of the quantum correlation layer showing

all six links of the network. Each link is assigned a unique color, which carries over to the

plots below, as well as their insets.
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The type-II PPLN is pumped with ∼24 mW of light at 779.65 nm and the down-converted

photons, after compensation for temporal walk off (see section 3.1.2 for details), pass to the

WSS for wavelength-multiplexed distribution to Alice, Bob, Carol, and Dave. Single-photon

events at each detector are tabulated by the event timer to generate a histogram of the delay

between single-photon events for every pair of users. A suitable electronic offset is added

to electrical pulses from each detector in order to position the coincidence windows of all

six link approximately 10 ns away from one another [Fig 4.4 ]. We used a relatively large

Figure 4.4. (top graphic, all figures) Abstracted illustration of the four–user
network with dashed lines denoting the possible ways in which nonclassical
correlations in polarization state may be shared. There are six unique user-
to-user connections, or links, which have each been assigned a unique color.
(a) Coincidence rates for each two-party connection based on allocation of
the biphoton bandwidth on a fixed 48 GHz grid and following an alphabet-
ical ordering of links. The inset illustrates how the biphoton bandwidth is
apportioned between all six links. (b) Coincidence rates for a fixed 48 GHz
grid, but with the allocation of spectral channels reconfigured to harmonize (as
best possible) the coincidence rate among all links. (c) Histogram highlighting
the use of increased flexibility in provisioning of the biphoton bandwidth. In
particular, twenty four 24 GHz-wide spectral slices are allocated between four
users in a way that harmonizes the coincidence rates across a subgraph of the
network. Link CD, which corresponds to the connection between Carol and
Dave (APD-APD link), is dropped by the central provider as this link would
draw a disproportionate fraction of the biphoton bandwidth when equalizing
the coincidence rates across all six two-party links.
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coincidence window of 1024 ps because the timing uncertainty (jitter) was not uniform across

all detectors. The respective values for Alice’s, Bob’s, Charlie’s, and Dave’s detectors were

approximately 80 ps, 80 ps, 250 ps, and 450 ps, respectively.

The bandwidth allocation scenarios described below are all based on the same unit

– an energy-matched pair of 24 GHz-wide spectral slices, i.e., the channels described in

Fig. 4.3 (a). In the two fixed-grid scenarios, each link utilizes two consecutive 24 GHz-wide

spectral slices for entanglement distribution based on a 48 GHz grid. In the final scenario,

which we dub “Full Flex,” the 24 GHz-wide channels are allocated to different users without

limitation.

Alphabetical fixed grid allocation

We first consider the case of wavelength-multiplexed entanglement distribution based on

a fixed 48 GHz-wide grid, chosen to yield a total of 6 equal-width pairs (as needed for full

connectivity) from the total of 12 channels defined in Fig. 4.3 (a). The biphoton bandwidth,

starting from the center and moving to tails, is allocated to the different two-party links based

on alphabetical ordering, i.e., links Alice–Bob (AB), Alice–Carol (AC), Alice–Dave (AD),

Bob–Carol (BC), Bob-Dave (BD), and Carol–Dave (CD). Fig. 4.4 (a) shows a histogram

of two-photon delays recorded between all six links. Coincidence windows are located at

delays of approximately 10 ns, 20 ns, 30 ns, 40 ns, 60 ns, and 70 ns. We call attention to link

CD, which is not visible in the histogram. This is due to the fact that link CD represents the

two least efficient channels and, under this distribution scenario, also receives the weakest

(lowest photon flux) pair of 48 GHz-wide spectral slices.

If one starts out with the goal of minimizing differences in the coincidence rate across

links, this allocation represents a far-from-optimal outcome for entanglement distribution

based on a fixed spectral grid. However, this might also be interpreted as boosting service for

premium links, Alice-Bob in this case. Our point in noting possible criteria for entanglement

distribution is to highlight the value of flexible bandwidth allocation in configuring the

network for different needs, such as diverse quality-of-service targets.
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Reconfigured fixed grid allocation

With the intent of reducing the difference in coincidence rates across all six links, we

reallocated the biphoton bandwidth on the same fixed 48 GHz spectral grid. Now, brighter

slices of the spectrum are routed to the lossier or less efficient links. Fig. 4.4 (b) shows

histograms for the delay between two-photon events for all user-to-user connections. While

the previous scenario saw differences of close to three orders of magnitude in the coincidence

rate, that difference is now much lower.

To be sure, this ability to manage coincidence rates derives not just from flexible allo-

cation, but also from the fact that we are using close to the full biphoton spectrum. As

Fig. 4.3 (c) clearly shows, coincidence rates can differ by as much as a factor of 20 depend-

ing on which channels one is using. This use of the full down-conversion spectrum marks a

departure from previous works, which limited consideration to spectral slices close enough

to the center of the biphoton spectrum that there were minimal differences in the pair flux

between different spectral slices (prior to distribution). Our results show that in the case

of links with disparate efficiencies there is utility in using all parts of the down-converted

spectrum and not just those in the flatband region.

Full Flex bandwidth provisioning

We now move from fixed gird distribution to a more flexible provisioning of the band-

width. In particular, we utilize the 12 channels defined in Fig. 4.3 (a), but do not place

any limitations on how they are allocated between the different links. Proceeding with the

goal of minimizing the difference in coincidence rates across the network, we provision the

spectrum as shown in the inset of Fig. 4.4 (c). One change from the scenarios shown in the

insets of Figs. 4.4 (a) and (b) is that we no longer enable a fully connected network. This

because link CD, i.e., the link between Carol and Dave (APD–APD), would not, even in

the most optimistic scenario (sending 7 channels with the highest pair flux to this link), be

able to establish a positive secure key rate as the CAR is worse than 9 : 1. Therefore, we

programmed the WSS to enable a subgraph of the network – links AB, AC, AD, BC, BD –

and proceed to harmonize the coincidence rate among the remaining links. From Fig. 4.4 (c)
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we see that all coincidence rates are within a factor of 2 of one another, in stark contrast to

the fixed grid cases.

By replacing nested DWDMs with a single WSS we have been able to not only realize a

fully and simultaneously connected network for entanglement distribution, but also demon-

strated dynamic reconfigurability of the network by (i) enabling subgraphs of the full network,

(ii) accommodating quantum channels with disparate loss, and (iii) providing differentiated

service. In addition, programmable flex-friendly systems, like WSSs and Fourier-transform

pulse shapers, can potentially enable dispersion compensation by a central node, support

quantum information processing and communication in different degrees of freedom [32 ], as

well as enable efficient spectrum allocation in complex network environments that need to

support not only communication but also mediate entanglement between end nodes.

4.2 Bell State Analyzer for Spectrally Distinguishable Photons

 The previous section considered how one might harness spectral multiplexing of quantum

channels to distribute entanglement over a multi-user network. While this demonstration

involves quantum state transport, that transport only enables the exchange of classical in-

formation through, for example, the generation of secure keys for encryption [3 ] or the direct

transmission of secure messages [13 ]. True quantum communication requires transport of

quantum information from one node to another.

4.2.1 Quantum Repeaters and Remote Entanglement

The quantum repeater protocol [23 ] offers a framework to overcome two sources of error

that occur during transport of a quantum state over a communications channel – loss and

decoherence. The basic insight is that one can partition an arbitrarily long link of length L

into a series of smaller links of length L
2N and efficiently generate entanglement across the

full link, i.e., from one end to the other, through a sequence of entanglement swapping [136 ]

between the smaller links. Provided entanglement swapping proceeds after photons have

traversed the extent of each smaller link, the associated entanglement generation, coupled

↑ The results of this section have been published in [75 ], [76 ]
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with entanglement purification [137 ] to correct for the effects of decoherence, offers a path

to quantum communication that scales better than direct transmission over long distances.

This scaling can be further improved by multiplexing quantum channels in the temporal [24 ],

spatial [25 ], and spectral domains [26 ].

The generation of entanglement between parties that share no prior entanglement or

history with one another is critical not just to the high-level framework enumerated above,

but also to more advanced repeater concepts [138 ]–[140 ]. This is accomplished through

the teleportation-based quantum gate [24 ], which can be based on single- or two-photon

interference. Prior to a discussion of methods based on two-photon interference, we consider

an example of the former – the DLCZ protocol [138 ].

DLCZ Protocol

The DLCZ protocol is named after inventors Duan, Lukin, Cirac, and Zoller. A con-

cept illustration from the original work is presented in Fig. 4.5 and shows two physically

separated atomic ensembles (L and R) that are pumped simultaneously such that a single

(Stokes) photon is emitted with some low probability p in the forward direction. The process

for the collective system can be described by:

(
1 + √

p(s†
La

†
LeiφL + s†

Ra
†
ReiφR + O(p)

)
|0〉 (4.1)

φL (φR) is the phase of the pump field that excites ensemble L (R) and s†
L (s†

R) and a
†
L

(a†
R) are the bosonic operators for the Stokes photon and the atomic excitation, respectively.

|0〉 corresponds to the vacuum state and O(p) represents the contribution of multiphoton

events.

An optical filter (“Filter”, Fig. 4.5 ) rejects residual pump light while the Stokes photon,

which may be emitted from either ensemble, is directed to a 50 : 50 (spatial) beam split-

ter. The mode that populates the path toward detector D1 is 1√
2(aLe−iθL + aRe−iθR) while

1√
2(aLe−iθL −aRe−iθR) is the mode that populates the path to detector D2. The term θL (θR)

corresponds to the phase accumulated by the photon as it propagates from ensemble L (R)
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Figure 4.5. Atomic ensembles L and R are excited with synchronized pump
pulses (waves in solid dark). A single Stokes photon (waves in light grey) is
emitted in the forward direction from one of the ensembles and travels over a
communications channel to 50 : 50 beam splitter BS. Single-photon interfer-
ence is captured by a single click from one of detectors D1, D2, which entangles
the atomic ensemble L and R through a delocalized atomic excitation. Source:
Ref [138 ]

to the beam splitter BS. The detection of a photon at D1 projects atomic ensembles L and

R onto the entangled state:

|ψ〉LR = 1√
2

(
s†

Lei(φL+θL) + s†
Rei(φR+θR)

)
|0〉 (4.2)

This can be recast as:

|ψLR〉 = 1√
2

(
|1〉L |0〉R + ei(∆φ+∆θ) |0〉L |1〉R

)
(4.3)

where ∆φ = φR − φL and ∆θ = θR − θL and represent the relative phase between the

respective pump fields and optical paths, respectively. |0〉 and |1〉 denote the ground and

excited states of the ensemble.

In this method of entanglement generation, the system starts out with entanglement

between an atomic excitation in the ensemble and the respective (Stokes) photon. Detection
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of a single photon after the beam splitter projects the photon onto one of two single-photon

(path) entangled states, thereby generating entanglement between the ensembles through a

delocalized atomic excitation after photon detection. However, as equation 4.3 illustrates,

there is a clear drawback to this approach. It requires phase stability over the the length

of the links, which is a challenging requirement for long distance communication, leading to

fluctuations in ∆θ and, therefore, in the phase of the state describing the entangled atomic

ensembles.

Heralded Entanglement Generation with Bell State Measurements

Entanglement swapping based on two-photon interference, or so-called Bell state mea-

surements, overcomes the issue of link stability that limits the robustness of single-photon-

based entanglement generation protocols. The term Bell states refers to the four maximally

entangled states possible for a pairs of qubits [11 ]. For the specific case of photonic polar-

ization qubits A and B, the four Bell states are:

|φ±〉AB = 1√
2

(
|H〉A |H〉B ± |V 〉A |V 〉B

)
(4.4)

|ψ±〉AB = 1√
2

(
|H〉A |V 〉B ± |V 〉A |H〉B

)
(4.5)

A measurement of the polarization state of A or that of B alone would yield a random

outcome. However, the two-photon state is well-defined and if the polarization state of A and

B are measured using the same settings (bases) their individual outcomes, while completely

random, are perfectly correlated with one another.

Consider two indepdent sources of entangled photons that each generate a Bell state like

|ψ−〉, for example. This situation is illustrated in Fig. 4.6 and here EPR-source I sends

photon 1 to the left and photon 2 to the right. Likewise, EPR-source II sends photon 3 to

the left and photon 4 to the right. While photons 1 and 2 are entangled, as are photons

3 and 4, no photon generated by EPR-source I is entangled with any photon generated by
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Figure 4.6. High-level illustration of the principle of entanglement swapping.
Two Einstein-Podolsky-Rosen (EPR) sources each generate a pair of entangled
photons – source I generates entangled photons 1 − 2 and source II generates
entangled photons 3−4. Photons 2 and 3, which are themselves not entangled
are measured in the Bell basis through a joint measurement (Bell State Mea-
surement), which projects photons 1 and 4 onto an entangled state. Source:
Ref [141 ]

EPR-source II. Nonetheless, one can describe the four-particle system in terms of Bell states

of photon pairs 1 − 4 and 2 − 3.

|Ψ〉1234 = 1
2

(
|ψ+〉14 |ψ+〉23 − |ψ−〉14 |ψ−〉23 − |φ+〉14 |φ+〉23 + |φ−〉14 |φ−〉23

)
(4.6)

Note that a sum of Bell states is not an entangled state. To entangle photons 1 and 4,

photons 2 and 3 are directed to an apparatus capable of performing a Bell state measurement.

While photons 2 and 3 are not entangled, the effect of the joint measurement is that it projects

photons 2 and 3 onto the basis of Bell states, which in turn projects photons 1 and 4 onto an

entangled state. For example, if the outcome the Bell state measurement on photons 2 and

3 is a detection event corresponding to state |ψ+〉23, then the four-photon state described

by equation 4.6 collapses to the first term, thereby entangling photons 1 and 4, which are in

the |ψ+〉14 Bell state.

A module or system capable of projecting two photons onto the Bell basis through a

joint measurement is called Bell state analyzer, or BSA for short. One limitation of Bell
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state analyzers based on linear optics is that they can only distinguish two of four Bell state

unambiguously [142 ]. While the measurement requires interference between two-photon out-

comes, that interference between outcomes is independent of any phase accrued by photons

along their optical paths [24 ]. In other words, so long as their is sufficient temporal overlap

between the photons participating in joint measurement any instabilities in the communica-

tions channel are not imprinted on the newly entangled state. Consequently, entanglement

swapping based on two-photon interference is more robust than single-photon techniques like

the DLCZ protocol.

4.2.2 The Bell State Analyzer

The discussion of Bell state measurements has thus far not focused on any particular

implementation or arrangement nor any particular degree of freedom in photons. We intro-

duce the linear optics Bell state analyzer through a presentation of the first work on this

topic [143 ], [144 ], which like many early experiments is based on polarization qubits. These

experiments did not address entanglement swapping per se but instead focused on validating

the concept of a two-state or partial Bell state analyzer. A Bell state of choice was prepared

deterministically and sent to the apparatus for Bell state measurement. In other words, if

the input to a Bell state analyzer is the entangled state |ψ−〉, then the outcome of any joint

measurement by the Bell state analyzer should correspond only to those detection outcomes

particular to |ψ−〉.

The Bell state analyzer in Mattle et al. [144 ] is shown in Fig. 4.7 . A polarization-

entangled state is generated by spontaneous parameteric down-conversion in a nonlinear

crystal (BBO, Fig. 4.7 ). The combination of half- and quarter-wave plates at Bob’s location

operates on only one of two photons in an entangled pair, which permits deterministic

preparation of any desired Bell state. The prepared state is then sent to a 50 : 50 (spatial)

beam splitter (BS, Fig. 4.7 ) where the respective polarization components mix and populate

outcomes along each of two output paths. Each output path further includes a polarizing

beam splitter (POL, POL′ in Fig. 4.7 ), thereby allowing one to demultiplex all possible
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Figure 4.7. Experiment for quantum dense coding with a source of entangled
photons (SOURCE), a means for “BOB” to prepare arbitrary Bell states,
and a partial Bell state analyzer for “ALICE” to recover the the message, i.e.,
discern the Bell state prepared by “BOB”. Source: Ref [144 ].

outcomes that can be populated – two polarization states in each of two output paths for a

total of four possible single-photon events at detectors DV , DH , D′
V , D′

H .

The particular combination of two-detector clicks depends on the input state. For Bell

state |ψ−〉 state, which has an antisymmetric spatial component, photons antibunch at the

beam splitter. This results in one click in the top pair of detectors (DV , DH) and another

in the bottom pair of detectors (DV ′ , DH′), each of the clicks corresponding to orthogonal

polarization states. In the case of |ψ+〉, two clicks either both occur in the bottom pair of

detectors or in the top pair of detectors. When the input to the system is |φ±〉, photons bunch

at a detector. While this allows one to identify the presence of |φ±〉, |φ+〉 and |φ−〉 cannot

be distinguished from one another, thereby limiting any linear optics Bell state analyzer to

maximum efficiency of 50% [142 ].

Spectral Indistinguishability

Successful operation of the partial Bell state analyzer described above is premised on

photons participating the joint measurement being spectrally indistinguishable. This is be-
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Figure 4.8. Experimental setup showing two ion-based quantum memories A
and B, as well as the respective optics for photon collection and conversion of
the polarization state to the rectilinear basis (HV ). Photons are coupled into
fiber and carried to a partial Bell state analyzer, which includes a spatial beam
splitter (50 : 50 BS), two polarizing beam splitters (PBSs), and photomultiplier
tubes (PMTs). Source: Ref [145 ]

cause quantum interference is predicated on interference between possible outcomes. For

spectrally distinguishable photons, the outcomes (under many circumstances) can be dis-

tinguished from one another and, consequently, do not interfere as they would have if the

photons had been spectrally indistinguishable.

To understand the effect of spectral distinguishability, consider the generation of remote

entanglement between two ion-based (171Yb+) quantum memories as shown in Fig. 4.8 ,

excerpted from work by Vittorini et al. [145 ]. Memories A and B are excited such that

they each emit a photon whose state of polarization is entangled with the excitation of the

ion. However, the photons emitted by the memories are spectrally distinguishable from

one another and this can be represented by the separation in their center frequencies, i.e,

∆ω = ωA − ωB. As described earlier in this subsection, two photons undergo a Bell state

measurement in a partial Bell state analyzer. For coincident detector clicks, the memories

are projected onto the entangled state:
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|ψ〉AB = 1√
2

(
|↑〉A |↓〉B ± ei(∆ω∆t+2∆ωt) |↓〉A |↑〉B

)
(4.7)

While the memories are indeed entangled, one can clearly see the effect of spectral dis-

tinguishability. The first and less deleterious effect is that the memories are not projected

onto a Bell state. In the Bell basis, the entangled memories have a time dependent phase

2∆ωt, where t is the time elapsed since detection of the second photon. In the term ∆ω∆t,

∆t corresponds to the time interval between detection of the first and the second photon.

While this term is fixed for a particular measurement, it fluctuates from one measurement

to the next. Consequently, memories are not projected onto one of two possible Bell states,

but instead take on any arbitrary entangled state between |ψ+〉AB and |ψ−〉AB, which varies

with each measurement. To project the memory onto a preferred entangled state after each

measurement, one has two options – postselect for events with a particular value of ∆t [146 ]

or apply a suitable correction to rotate the memory qubits to a the desired state after each

joint measurement [145 ], [147 ]. Both approaches require time-resolved coincidence detection

and come with additional drawbacks. In case of the former, temporal postselection leads to

a significant drop in the entanglement generation rate and in case of the latter one needs to

implement feedforward qubit rotations, which require fast and sophisticated control.

Despite what these seemingly acceptable workarounds might suggest, their efficacy is

limited by a more fundamental issue – the timing uncetainty associated with single-photon

detection. In other words, ∆t cannot be determined with absolute certainty. This timing

resolution (∆tr), or jitter, leads to an ambiguity in the phase of the entangled memory state.

This ambiguity is on the order of ∆ω∆tr, which is linear with the frequency separation be-

tween photons. For single-photon detectors with (two-photon) timing resolution on the order

of 20 ps, an ambitious number for commercially available systems, a frequency separation of

just 2.5 GHz leads to a 0.1π ambiguity in the phase associated with the entangled memory

state [Fig. 4.9 ].

While spectral distinguishability might present a minor issue for entangling similar matter-

based qubit species, owing to only small differences in local environments, it presents a much
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larger challenge for networks that support heterogeneous nodes or that leverage the tremen-

dous bandwidth of optical fiber for the spectral multiplexing of quantum channels, or both.

4.2.3 Frequency Domain Bell State Analyzer

To resolve this tension between spectrally-multiplexed quantum state transport and

high-fidelity entanglement generation, we synthesize a partial Bell state analyzer where two

frequency-bin-entangled photons are mixed not with a spatial beam splitter, but rather with

frequency beam splitters [35 ] that intentionally leverage frequency mismatch.

Concept of Frequency Mixing-Based Bell State Analyzers

Our conception of a partial Bell state analyzer can, in principle, operate on photons

carrying quantum information in any degree of freedom. However, for this demonstration

we focus on discrete variable frequency encoding, where quantum information is carried by

clearly delineated frequency modes rather than by orthogonal polarization modes.

Figure 4.10 (a) is a high-level illustration of such a Bell state analyzer and its opera-

tion can be understood in analogy to the partial Bell state analyzer for polarization qubits

Figure 4.9. Phase ambiguity on generated remote entanglement as a function
of spectral distinguishability (in GHz) and timing resolution of the two-photon
detection system (ps).
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Figure 4.10. (a) A frequency mixing-based Bell state analyzer for photonic
frequency qubits. Matter-based qubits A and B are entangled with the fre-
quency degree of freedom in photons A and B, respectively. The action of the
50 : 50 spatial beam splitter used in conventional partial Bell state analyz-
ers is replaced by a frequency beam splitter implemented using the quantum
frequency processor (QFP) paradigm. Demultiplexing of the different spec-
tral modes performs the role that a pair of polarizing beam splitters plays in
partial Bell state analyzers for polarization qubits. The additional channels
entering both multiplexing blocks (gray lines) serve to highlight that periph-
eral network traffic is not hindered. (b) High-level concept illustration showing
the action of frequency beam splitters (Hadamard transformations H0, H1) on
different spectral modes. Here gray lines highlight the presence of frequency
correlations between frequency bins.

presented earlier [144 ] [Fig. 4.7 ]. Just as the 50 : 50 (spatial) beam splitter performs a

pairwise mixing of polarization modes (HA with HB and VA with VB), likewise frequency

beam splitters (Hadamard transformations H0 and H1 in Fig. 4.10 (b)) implemented using

a quantum frequency processor (QFP) perform a pairwise mixing of frequency modes – A0

with B0 and A1 with B1. This mode mixing is followed by demultiplexing all the distinct

modes that can be populated – two possible polarization states in each of two possible paths

in the case of a partial Bell state analyzer for polarization qubits. The equivalent operation

in the frequency domain (for photonic frequency qubits) is spectral filtering. As with the

spatial analog, only the |ψ+〉 and |ψ−〉 Bell states can be identified without ambiguity.
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Figure 4.11. Experimental setup for validating the frequency domain Bell
state analyzer. A continuous-wave (CW) laser pumps a periodically-poled
lithium niobate waveguide engineered for type-0 phase matching. The broad-
band biphoton is passed to an etalon and pulse shaper to prepare the |ψ+〉 and
|ψ−〉 frequency-bin Bell states. A three-element QFP (electro-optic modulator
– pulse shaper – electro-optic modulator) implements frequency beam splitters
that carry out pairwise mixing of frequency modes (A0 with B0 and A1 with
B1), which are subsequently demultiplexed for spectrally-resolved coincidence
measurements.

We validate the operation of our frequency mixing-based BSA in a manner to akin to that

in Mattle et al. [144 ] by demonstrating that the outcome of a joint measurement on a known

Bell state always belongs to a set of two-photon events unique that Bell state. Figure 4.11 

shows our experimental setup. Broadband time-frequency entangled photons are generated

by pumping a periodically-poled lithium niobate ridge waveguide (PPLN) engineered for

type-0 down-conversion with a continuous-wave laser at ∼ 780 nm. An etalon with a 20 GHz

free spectral range, coupled with a pulse shaper, carves four energy-correlated frequency

modes (A0, A1, B0, B1) to project the biphoton onto state |ψ±〉 ∝ |1〉A0 |1〉B1 ± |1〉A1 |1〉B0.

The choice of the |ψ+〉 or |ψ−〉 state is determined by the joint phase applied to |1〉A1 |1〉B0

by the pulse shaper. The center-to-center separation between signal and idler is 40 GHz

while the two modes in each computational space are 20 GHz apart with an intensity full

width at half-maximum of 0.8 GHz.

Parallel and interleaved Hadamard transformations are implemented with a quantum

frequency processor (QFP) [30 ]. Figure 4.12 (a) shows mode transformation spectra from

experiments with classical light. The output of the QFP is frequency demultiplexed (DE-
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Figure 4.12. (a) Mode transformation spectra from experiments with clas-
sical light. The left two spectra correspond to Hadamard transformation H0,
which splits an input light field between modes A0 and B0. The right two spec-
tra correspond to Hadamard transformation H1, which splits an input light
field between modes A1 and B1. (b) Coincidences patterns for the the |ψ+〉
and |ψ−〉 showing discrimination accuracies of 98.1% and 98.6%, respectively.

MUX, Fig. 4.11 ) by another pulse shaper so that different frequency modes are routed

to two superconducting nanowire single-photon detectors (SPDs, Fig. 4.11 ). Coincidence

counts for all 6 unique detector combinations (excluding A0A0, A1A1, B0B0 and B1B1) are

integrated over a 1.5 ns window for a total of 120 seconds.

Experimental results are presented in Figure 4.12 (b). For the |ψ+〉 state coincidences

register between frequencies corresponding to the original idler modes (A0 and A1) or the

two original signal modes (B0 and B1), as expected from theory [144 ]. On the other hand,

the |ψ−〉 state results in coincidences between one of the original idler modes with one of

the original signal modes (events A0B1 or A1B0), thereby allowing one to unambiguously

distinguish |ψ+〉 from |ψ−〉. We calculate the discrimination accuracy Nc/NT , where Nc

and NT correspond to the sum of correct measurement results and the sum of all events

identifiable as |ψ+〉 or |ψ−〉. We achieve accuracies of 98.1% and 98.6% for |ψ+〉 and |ψ−〉,

respectively, which are reported without accidental subtraction. We did not examine the

|φ±〉 Bell states experimentally, which would correspond to positive frequency correlations

in our logical encoding. While this class of Bell states can be identified by observation of

photon bunching, the |φ+〉 and the |φ−〉 states cannot be unambiguously distinguished from
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one another, which ultimately limits the optimal efficiency of standard, vacuum-assisted

linear optics BSAs to 50% [142 ].

4.2.4 Implications for Network Architecture and Design

From the standpoint of performance, previous work has shown that a three-element

QFP can implement near-deterministic frequency beam splitters with gate fidelities exceed-

ing 0.999999 [148 ]. Furthermore, this paradigm permits massive parallelization of quantum

operations in a single device without any crosstalk and, most importantly, within a single

fiber-optic spatial mode, thereby enabling natural phase stability. One limitation of this

approach is that its versatility is limited by the performance of discrete components. In par-

ticular, the resolution of commercial pulse shapers limits the separation between frequency

modes to 20 GHz. Conversely, the bandwidth of available radiofrequency electronics limits

how far apart photons can be in frequency – about 40-50 GHz. A critical step to working

with spectrally multiplexed quantum channels is migration of the QFP paradigm to an in-

tegrated optical platform, which has the potential to not only lower optical loss, but also

boost the complexity of quantum operations without any increase to the analog bandwidth

required by the system.

Our demonstration represents an important step toward the long-term vision of a quan-

tum internet compatible with both heterogeneous nodes and dense spectral multiplexing.

While the specific BSA realized here operated on frequency-bin-entangled photons, i.e., fre-

quency qubits, the concept is easily extended to spectrally distinguishable photons encoded

in other degrees of freedom. For spectrally distinguishable polarization qubits, one would

need to implement two frequency beam splitters within a polarization diversity scheme [79 ]

and for time-bin qubits a single frequency beam splitter would suffice. Moreover, the QFP

paradigm is not the only way to synthesize BSAs based on frequency mixing. In addition

to probabilistic frequency interference with a single modulator – used in previous imple-

mentations of single-photon entanglement swapping protocols [149 ] – one can also realize

these operations in integrated optical components like coupled-cavity electro-optic modula-

tors [91 ] or rely on techniques like Bragg scattering four-wave mixing [31 ] to bridge large
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frequency differences. Irrespective of the particular physical implementation, BSAs based on

frequency mixing have the potential to support heterogeneous nodes and/or spectral mul-

tiplexing on quantum networks without imposing additional limits on entanglement fidelity

or the entanglement generation rate.
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5. SUMMARY

5.1 Outlook

Quantum information processing in the frequency domain is a relatively new field with

much of the progress occurring over the last 3 − 4 years. Nonetheless, these developments

have garnered the attention of the broader community as evidenced by recent review ar-

ticles on quantum frequency combs [51 ] and high-dimensional entanglement [21 ]. What

makes frequency-encoded or frequency-entangled states particularly attractive, as a matter

of fundamental interest, is that they can support many temporal and frequency modes; high

dimensionality and hyperentanglement can potentially offer a large quantum resource over

just a few photons. Recent accomplishments include characterization of high-dimensional

frequency-bin entanglement [48 ], [49 ], demonstration of a universal gate set [35 ], [36 ], single-

photon two qudit gates [43 ], [55 ], generation of four-party 32-dimensional Greenberger-

Horne-Zeilinger states [43 ], and nonlocal delay metrology featuring picosecond-scale reso-

lution with potential relevance to network synchronization [150 ].

We complement this body of work by making use of frequency multiplexing and fre-

quency transformations to support functionality needed for quantum networks. In particu-

lar, we leveraged flex grid technology to demonstrate reconfigurable distribution of quantum

entanglement in a four-user tabletop network [132 ]. Our scalable approach introduces loss

that is fixed with the number of users, offering a practical path for the establishment and

management of quality-of-service guarantees in large quantum networks. We subsequently

examined a potential obstacle to scaling up networking protocols – their reliance on Bell

state measurements, which fundamentally limits network performance when joint measure-

ments are between spectrally distinguishable channels. To overcome the tension between

wavelength-multiplexed quantum state transport and high-fidelity entanglement generation,

we synthesized the first Bell state analyzer that operates directly on frequency mismatch

through the use of interleaved frequency beamsplitters [75 ], [76 ]. These results offer a path

to Bell state measurements with spectrally distinguishable photons without the need for

time-resolved detection or active feedfoward. Finally, we found favorable scaling for high-

dimensional discrete Fourier transform gates with the number of RF harmonics when im-
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plemented on a three-element QFP [Fig. 3.9 ]. Collectively, this recent progress is perhaps

most relevant to the development of quantum interconnects [94 ], which would benefit from

the ability to implement high-dimensional gates, work with spectrally multiplexed quantum

channels, and carry out in-band quantum frequency conversion.

5.2 Future Directions

We are still many years away from the long-term vision of fault-tolerant quantum net-

works. However, the areas of quantum computing and quantum key distribution are perhaps

showing some signs of market pull and strong government or industry investment. The tools

we have developed to manipulate photon frequency can directly impact both areas.

5.2.1 Spectrally Multiplexed Quantum Repeaters

Based on the work presented in the previous section, one can imagine a framework for

quantum repeaters based on spectral multiplexing [Fig. 5.1 ]. In this concept illustration, a

nonlinear crystal generates broadband entangled photons, which are passed to a wavelength-

selective switch (WSS) that carves the spectrum into a series of energy-matched spectral

slices. One half of the biphoton spectrum is directed to an array of spatial beam splitters

(parallel BSA array) for conventional Bell state measurements and the other half of the

spectrum is directed to broadband quantum memories. Detection results, or lack thereof,

are fed to the quantum memory and frequency mixing-based BSA (f-BSA) so that joint

measurements, after release of photons from memories, result in high-efficiency entanglement

swapping across the desired link. A logical pivot in this direction might be to explore the

possibility of programmably entangling arbitrary pairs of matter-based qubits over a multi-

user network. In addition, the use of highly nondegenrate photon pair sources may enable

translation to telecom wavelengths via entanglement swapping operations that, in practical

scenarios, may be more efficient than is possible with current methods of quantum frequency

conversion.
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Figure 5.1. Concept illustration of a spectrally-multiplexed quantum re-
peater block. Inset: Network architecture based on fundamental repeater
block.

5.2.2 In-band Quantum Frequency Conversion

Spectral transformations implemented on a quantum processor offer a potential solution

to the challenge of in-band quantum frequency conversion. By performing all operations

optically, the quantum state is preserved throughout; yet the specific manipulations are

electrically controlled, making them extremely reliable and adding no optical noise. In this

context, the quantum frequency processor can provide well-controlled operations within a

specific band, allowing channels to swap wavelengths simultaneously up to high dimensions,

thereby facilitating agile wavelength routing in quantum networks with nanosecond update

speeds.

5.2.3 Photonic Micorosystems Development

The applicability of electro-optic frequency mixing techniques to quantum technology

will rise of fall with progress in integrated photonics. In particular, the reliance on mod-
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ulators to perform fundamental operations means that dramatic reductions in optical loss,

and possibly modulation bandwidth, are required in practical use scenarios. Fortunately,

frequency bin quantum photonics has synergies with fields that are the subject of signifi-

cant research and development interest – Kerr microcombs, radiofrequency photonics, and

high-performance computing. Quantum frequency combs, like their classical counterparts,

can be generated in nonlinear microresonators with low anomalous group velocity disper-

sion. Scalable production of these sources would make this platform readily accessible to the

wider research community. Similarly, progress in high-performance computing and wideband

communications hinges on the development of high-speed, low-loss optical switches, which

differ from low-loss phase modulators only by a scaling of the device length. With continued

progress it should be possible to translate research output into widely-available components

with performance acceptable for quantum applications.
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