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Spectral Hong–Ou–Mandel Interference between
Independently Generated Single Photons for Scalable
Frequency-Domain Quantum Processing

Anahita Khodadad Kashi and Michael Kues*

The photon’s frequency degree of freedom, being compatible with mature
telecom infrastructure, offers large potential for the stable and controllable
realization of photonic quantum processing applications such as the quantum
internet. The Hong–Ou–Mandel effect, as a two-photon interference
phenomenon, serves as a central building block for such frameworks. A key
element yet missing to enable meaningful frequency-based implementations
as well as scalability in the number of processed photons, is the
demonstration of the Hong–Ou–Mandel effect between independently
created photons of different frequencies. The experimental implementation of
bosonic and fermionic frequency domain Hong–Ou–Mandel interference
between independently generated single photons is reported here, with
measured visibilities of 74.31% ± 3.56% and 86.44% ± 8.27%, respectively.
This is achieved through a scalable photonic frequency circuit that creates two
post-selected pure single photons, which undergo frequency mixing at an
electro-optic phase modulator. The system is on-the-fly reconfigurable
allowing to probe bosonic and fermionic Hong–Ou–Mandel interference in
the same experimental setup. The work demonstrates the versatility of
frequency domain processing and its scalability toward higher photon
numbers, which enables new quantum gate concepts as well as the
establishment of frequency-based large-scale quantum networks.

1. Introduction

Photonic frequency encoding of quantum information can re-
alize the stable and controllable implementation of quantum
processing by the use of state-of-the-art telecommunication
infrastructure[1] and at the same time it gives access to robust
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high-dimensional states with an in
turn better noise resilience.[2,3] Specif-
ically, the frequency domain approach
is compatible with well-developed om-
nipresent optical telecommunication
infrastructure such as fiber networks,
wavelength division de/multiplexers,
electro-optic phase modulators (EOPM),
and programmable filters, whose stan-
dard single-spatial-mode operation
preserves phase stability. In contrast to
polarization or time-mode encoding,
which are accompanied with insta-
bilities for large fiber distances, the
frequency domain is advantageous and
hence particularly suited for, e.g., the
quantum internet. Furthermore, the
controllability of programmable filters as
well as the reconfigurability of EOPMs
through adjusting the radio frequency
(rf) modulation, can alleviate the circuit
complexity, which is strictly required for
large-scale implementations of quantum
applications.
The Hong–Ou–Mandel (HOM) in-

terference effect, which manifests as
the bunching (bosonic)/antibunching

(fermionic) of two indistinguishable photons upon mixing at a
mode splitter,[4] is central to quantum computation,[5] nonclas-
sical communication,[6,7] and quantum-enhanced metrology.[8]

Quantum random walks,[9] boson sampling,[10] linear optical
quantum gates,[11–13] and quantum dense coding[14] are a few
examples where the HOM effect is ubiquitously exploited. In
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Figure 1. Schematic outline of the concept for frequency domain HOM interaction between two pure and independently created photons I1 and I2: a)
The four photons produced out of two SPDC processes are created with a single-mode bandwidth 𝛿 (indicated by Gaussian shaped graphics) that is
accessible with common telecommunication filters. Spectral filters defining four frequencymodes S1, S2, I1, and I2 with a bandwidth of 𝛿f are represented
by rectangular shapes. The frequency mixing is applied on I1 and I2, whereupon the four-fold coincidence detection on D1, D2, D3, and D4 allows for
the HOM interference to occur. The dash-dotted spectral profiles represent an alternative filter setting for I1 and S1 which, due to the overlap of the
single frequency mode bandwidth, adds to the background noise. b) Sketch of the joint spectral intensity function of the two-photon states (pink) with
indicated filter positions according to (a).

quantum key distribution protocols, the HOM visibility re-
veals the success probability of the secret key rate[6,15] and in
quantum repeaters, quantum teleportation is performed depen-
dently on projective Bell-state measurements realized via HOM
interference.[16] However, to date implementations have mainly
employed spatial domain HOM interference,[17] for which addi-
tional number of waveguides and a control over several different
arrangements are required to meet large-scale real-world imple-
mentations.
Frequency-domain HOM interference between a single pho-

ton and a coherent state was realized using optical nonlinear
parametric effects as a means for frequency mixing,[18] which
however required complex bulk optical setups and suffered
interferometric degradation as a result of multi-photon genera-
tion. Moreover, an HOM effect was shown between two photons
created from a continuous-wave-excited spontaneous parametric
down conversion (SPDC) process where an EOPM was utilized
as a frequency mixer,[19] which is limited in scalability, i.e., it
cannot be extended to higher numbers of involved photons in
the system due to the inherent spectral impurity of the pho-
tons. In order to enable an HOM effect between independently
generated single photons and in turn to provide scalability,
the preparation of spectrally pure single photons is highly
indispensable.
In the present work, we use a novel approach, employing a

pulsed excitation field, an EOPM, and programmable filters, to
demonstrate for the first-time frequency-domain bosonic and
fermionic HOM interference between two independently gener-
ated single photons.
In this work, the bosonic and fermionic HOM effects are

demonstrated with measured visibilities of 74.31%±3.56% and
86.44%±8.27%, respectively; the obtained values fall well be-
yond the classical limit of 50% offering an appropriate candidate
for quantum communication and information applications. In
addition, the feasibility of switching between the bosonic and
fermionic HOM effect extends the versatility of this quantum
platform, necessary, e.g., to enhance the performance of quan-
tum gates.[13]

2. Frequency Domain HOM Concept and
Experimental Setup

Two or more frequency bins can be mixed using an rf-driven
EOPM, if their generated sidebands spectrally overlap. Such prin-
cipal of operation suggests that an EOPM can be considered as a
frequency-domain analog of a conventional spatial beam splitter,
in turn allowing for HOM interference in the frequency domain.
In this context, two photons in two different frequency modes
simultaneously (within the reciprocal spectral bandwidth of the
associated fields) arrive at the EOPM and mix. Depending on the
relative phase of the involved sidebands being 𝜋 or 0, the pho-
tons coalesce either in the same frequency mode (bunching phe-
nomenon), in turn leading to zero coincidence detection and an
interferometric dip (bosonicHOM), or each ends up in one of the
two different frequency modes (antibunching phenomenon), re-
sulting in enhanced coincidence detection and an interferometric
peak (fermionic HOM).
To demonstrate the bosonic and fermionic frequency domain

HOM effect for two independently created photons, we fol-
lowed the concept explained schematically in Figure 1; photon
pairs were generated through a spontaneous parametric down-
conversion process, where one excitation photon is annihilated
and two new photons, named signal and idler, are created si-
multaneously. In this work, two SPDC processes are consid-
ered, producing two pairs of photons within one excitation pulse.
Two pairs of spectrally separated signal and idler frequency bins
were defined, with one pair labeled as S1 (green) and I1 (yel-
low) and the other as S2 (blue) and I2 (red). This approach
creates the following state: |𝜓⟩2SPDC = 1√

3
(|1I2, 1I1, 1S1, 1S2⟩ +

|2I2, 0I1, 0S1, 2S2⟩ + |0I2, 2I1, 2S1, 0S2⟩)[20] with the first term emerg-
ing from two SPDC processes radiating into different frequency
bins whereas the last two terms describe the emission into the
same pair of frequency bins. The detection of photons in S1 and
S2 projects the state |𝜓⟩2SPDC into |𝜓⟩in = |1I1, 1I2⟩ , giving ac-
cess to two independently generated single photons in the idler
I1 and I2 frequency bins. Frequency mixing applied to the ulti-
mate post-selected state allows for the HOM effect to take place.
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Figure 2. Schematic illustration of the experimental setup employed for demonstrating the frequency domain HOM effect of two independently created
photons. See the text for details.

Figure 3. Classically measured spectrum of the defined idler components before and after modulation: a) bosonic case with 75 GHz frequency spacing
set between the idler modes, where the phase-modulated third- and the zeroth-order sidebands superimpose, and b) fermionic case with 100 GHz
frequency spacing between the idler components, set to enable the phase-modulated fourth and zeroth-order sidebands to superimpose. The shaded
area indicates the overlap of the respective sidebands. With an EOPM insertion loss of 2.8 dB, a total transmission for the 2-by-2 splitter of 16.64% and
12.26% was measured for the bosonic and fermionic settings, respectively.

The experimental setup presented in Figure 2 was employed to
this end.
A mode-locked pulsed laser with a center wavelength of

≈775 nm and filtered to a bandwidth of ≈200 GHz, was cou-
pled into a periodically poled lithium niobate waveguide (type-0
quasi-phase-matched, 40 mm long, 5% MgO-doped). Two SPDC
processes create, out of the excitation field, two pairs of corre-
lated photons around 1550 nm. A programmable filter was used
to define the two pairs of spectrally separated signal and idler
frequency bins each with a bandwidth of 22 GHz, allowing for
≈14 kHz single photon detection rate (linearly dependent on the
filter bandwidth). The two signal components S1 and S2 were
directed through different ports of the first programmable filter
toward two superconducting nanowire single photon detectors
D2 and D1, respectively. The two idler photons were directed to
an EOPM where the frequency mixing led to the occurrence of
frequency domain HOM interference. A second programmable
filter was employed to split the frequency bins I1 and I2, leading
to detections on D3 and D4.
To probe bosonic and fermionic HOM effects, different filter

and modulation configurations were applied within the same ex-
perimental setup; the EOPM was driven by an rf tone of Ω =
25 GHz (maximal operation frequency of the used RF ampli-
fier) and the amplitude of the modulation signal was judiciously
set in each case so as to provide the required identical splitting
amplitude between the zeroth order (fundamental) and the con-
sidered higher-order sidebands (for more details see the Exper-
imental Section). To probe a bosonic HOM effect, the signs in
the mixing process of the frequency modes need to differ. Such
a sign difference is present when the third-order sidebands are

selected for the mixing process, requiring the frequency spacing
of the idler bins to be set at 75 GHz. In contrast, to investigate
the fermionic HOM effect, the sings in the mode mixing need
to be equal, which can be achieved by choosing the fourth-order
sidebands for the mixing process, requiring the idler bin spacing
to be adjusted at 100 GHz. Figure 3 shows the classically mea-
sured spectral response of the EOPM for both the bosonic and
fermionic cases.
A high spectral purity of the two independently created

photons is crucial to obtain a high degree of visibility in their
HOM interaction. The purity is inversely related to the number
of effective frequency modes the photon contains,[21] which can
be controlled by spectral filtering the signal and idler fields.[22]

In our experimental setup, a pulsed excitation bandwidth of
200 GHz together with a phase matching bandwidth of 55 GHz
was selected such that the minimal arrangeable bandwidth of the
programmable filter (20 GHz) allowed to prepare photons with
a single frequency mode. In this regard, a Hanbury-Brown and
Twiss (HBT) experiment was performed to measure the number
of frequency modes as a function of the filter bandwidth. Specif-
ically, the idler I1 mode was split 50:50 with the programmable
filter and sent to two detectors, to measure the second-order
autocorrelation function g2(0) = 1 + p = 1 + 1∕k, with p and k
denoting the spectral purity and the number of Schmidt modes,
respectively.[21] A g2(0) with a value of 2 corresponds to the
spectrally pure case, i.e., k = 1, whereas theoretical infinite
number of modes k = ∞ establishes a lower limit of 1 for g2(0).
The dependency of the second-order autocorrelation function
g2(0) and the number of Schmidt modes k on the spectral
bandwidth are shown in Figure 4. A theoretical model[21] fits
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Figure 4. Dependency of the second-order autocorrelation function g2(0)
and the number of frequency modes k on the spectral bandwidth, ob-
tained from the HBT experiment. The experimental data fit well to a the-
oretical model (solid lines) that considers a Gaussian spectral filtering
bandwidth.[21] The error bars correspond to standard deviation associated
with 10 min integration time per measurement.

well with the experimental data (solid line) and allowed to deter-
mine the single-frequency-mode bandwidth, that is 55 GHz. A
maximum spectral purity of p = 99.65% ± 6.5%, corresponding
to k = 1.0035 ± 0.065, is obtained at 20 GHz. It is worth to
mention that a narrow-band continuous wave-excited SPDC pro-
cess would not allow to prepare single-frequency-mode photons,
for, in that case the single-mode bandwidth is much narrower
(in order of kHz) than the filtering capability offered by todays
elaborated filtering techniques. This highlights the importance
of a pulsed excitation field.
The capability of the programmable filter in defining two

coexistent spectral transmission regions allowed to create two
single-frequency mode photons within the same spatial mode.
The selection of idler frequency bins requires at its minimum a

center-to-center frequency spacing of a single-frequency mode
bandwidth, so as to suppress the unwanted coincidence counts
in the detection of photons in S1 and I2 as well as S2 and
I1, emerging from off-diagonal spurious spectrally correlated
regions (see Figure 1b, dash-dotted filter settings for I1 and S1).
This condition was achieved at 75 GHz (≈1.35 x single mode
bandwidth) and 100 GHz (approximately twice the single mode
bandwidth) for the bosonic and fermionic cases, respectively.

3. Frequency-Domain HOM Results

Fourfold coincidence detection was performed for the bosonic
and fermionic settings, as stated previously, where the pulsed
excitation provided the required precise timing between the two
pairs. Specifically, the creation of the two idler photons I1 and
I2 in the same excitation pulse and their spectral filtering led
to their simultaneous and thus temporally indistinguishable
arrival at the EOPM splitter, in turn leading to the HOM effect
(interactive case). In contrast, two idler photons each originating
from a different excitation pulse were temporally distinguish-
able at the EOPM splitter and as a result no HOM interaction
took place (noninteractive cases). Time-multiplexed fourfold
post-processing considering different pulse periods between the
idler photons was exploited to distinguish these cases.
Fourfold coincident counts as function of different pulse

periods are shown in Figure 5a,b for enabled frequency splitting
(modulation enabled) and in Figure 5c,d for disabled split-
ting (modulation disabled). For the bosonic setting, shown in
Figure 5a, an HOM dip with a visibility of 74.31% ± 3.57%
was observed for active splitting. Here, the visibility was de-
termined by VB = (CCB

max − CCB
min)∕CC

B
max, where CCB

max is
the average coincidence count of the noninteractive cases and

Figure 5. Post-processed fourfold coincidence counts versus pulse delay expressed in terms of multiples of the pulse period. Two-photon HOM inter-
ference pattern obtained under a) bosonic and b) fermionic experimental conditions for enabled frequency splitting. The error bars indicate standard
deviation (calculated as the square root of the four-photon coincidence counts) corresponding to the integration time of each measurement, labeled on
the vertical axis of the diagrams. For disabled frequency splitting but otherwise same experimental conditions, the coincidence counts versus different
pulse periods are shown for the bosonic and fermionic configurations in panels (c) and (d), respectively. In all four panels, the dotted horizontal lines
represent the average counts for the noninteracting cases. The bosonic and fermionic measurements were performed under 160 and 190 µW excitation
power, respectively.
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CCB
min is the coincidence count of the interactive case. For the

fermionic setting, displayed in Figure 5b, an HOM peak with
a visibility of 86.44% ± 8.27% was obtained, calculated through
VF = (CCF

max − CCF
min)∕CC

F
min, with CCF

min being the average
count of the noninteractive cases and CCF

max the count of the
interactive case. By simply turning off the modulator, a measure-
ment with disabled splitting was performed, see Figure 5c,d,
where no HOM interaction was found, further validating that
the previously obtained interferometric dip and peak were due
to frequency mixing and in turn the HOM effect.
A characterization of the HOM interference shape in the fre-

quency domain, by adjusting the frequency overlap through an
RF frequency scan, is precluded as in that case the frequency de-
pendency of the RF amplification affects the splitting ratio of the
frequency mixer.
HOM visibility degrades as a result of experimental imperfec-

tions, among which are the spectral profile mismatch between
the interacting frequency modes, the unequal spectral splitting
ratio of the involved sidebands and background terms |2, 0, 1, 1⟩bg
and |0, 2, 1, 1⟩bg, emerging from both spurious correlations and
higher-order SPDC processes (not leading toHOM interference).
In order to have a quantitative estimate over the imperfection

contributions, the classical measurements presented in Figure 3
were considered, where we calculated a 90.96% and 97.75% spec-
tral overlap between the fundamental and considered sidebands,
i.e., the 0th and±3rd as well as the 0th and±4th, respectively. Fur-
thermore, 4% deviation from perfect 50:50 frequency mixing ra-
tio was measured for both the bosonic and fermionic case. As
an additional degradation factor, we characterized the input state
|𝜓⟩in = 𝛼|1, 1, 1, 1⟩S + 𝛽|2, 0, 1, 1⟩bg + 𝛾|0, 2, 1, 1⟩bg to determine
the coefficients of the background (𝛽 and 𝛾) to the ideal input state
(𝛼) by performing fourfold coincidence detection with no phase
modulation process applied. For the bosonic setting, we obtained
𝛼B = 0.9945, 𝛽B = 0.0727, and 𝛾B = 0.0587, whereas for the
fermionic setting, we found 𝛼F = 0.9920, 𝛽F = 0.0826, and 𝛾F =
0.0958. The slightly higher background values in the fermionic
case can be explained by higher excitation powers which sub-
sequently lead to higher multi-photon generation rates. Consid-
ering the background terms in the HOM treatment,[21] the cor-
responding degradations in the visibility were 1% and 1.5% in
bosonic and fermionic HOM effects, respectively. The sum of the
degradation contributions in both cases thus explains the devia-
tion of the measured visibilities from ideal 100%.

4. Conclusion

In this work, we demonstrated the frequency-domain imple-
mentation of HOM interference between independently created
single photons. A combination of pulsed excitation, reconfig-
urable electro-optic phase modulator, and programmable filters
enabled a controllable photonic frequency circuit, which is not
found in previously presented HOM implementations. Themea-
sured interferometric visibilities fell beyond the classical limit,
required for quantum information processing. The added recon-
figurability enabled bosonic and fermionic HOM effects within
the same experimental setup which can be used, e.g., for func-
tionality adaptation of quantum logic gates as well as preparing
antisymmetric Bell states,[13] thus highlighting the versatility and
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Figure 6. Simulations of sideband generation in the electro-optic phase
modulation process. The sidebands are expressed as Bessel functions of
nth order (n = 0, ± 3, ± 4). The left and right black dotted lines indicate
modulation depths well suited to bosonic and fermionic HOM conditions,
respectively.

potential of the frequency domain approach. As important, our
results enable the scalability of frequency domain processing to
higher numbers of photons, e.g., allowing fundamental Bell-state
measurement in the frequency degree-of-freedom. Larger multi-
chromatic multi-photon states can be achieved by defining addi-
tional filter functions and adding to the number of single photon
detectors. In this regard, the capability of the EOPM as a fre-
quency mixer can be extended from a 2-by-2 to anN-by-N splitter
by considering further sidebands, which increases transmission
and gives access to richer photon interactions. To improve de-
tection rates and overall performance, the EOPM process can be
optimized by, e.g., the use ofmore complexmodulation functions
as well as the concatenation of modulators[23] and the integration
of the presented scheme on photonic chips. Our work thus allows
for the practical andmeaningful frequency-domain implementa-
tion of fundamental concepts, such as entanglement swapping,
teleportation, and novel complex gates, which are at the basis of
future quantum networks as well as the creation of frequency-
based complex states for quantum metrology applications.

5. Experimental Section
Sideband Selection for Bosonic and Fermionic HOM Photon Statistics: A

single-frequency component at𝜔0 is phasemodulated at an rf toneΩ, and
thereafter it expands into n number of equally spaced sidebands, which
are generated at frequencies 𝜔0 ± nΩ with their amplitudes expressed as
Bessel functions of the first kind Jn(𝜇).

[24] The probability amplitude of
different sidebands can be controlled via tuning the modulation index 𝜇,
defined as the ratio of the peak amplitude Vm of the modulating signal to
the half-wave voltage V𝜋 of the electro-optic modulator. For different side-
band orders n, the following relation holds true: J−n(𝜇) = (−1) nJn(𝜇),
highlighting a 𝜋 phase shift between positive and negative sidebands with
odd order.

In order to realize an equal mixing ratio, the modulation setting should
be adapted such that the post modulation amplitude of the original
frequency component is identical to that of the generated sidebands with
which its frequency mixing is targeted. In Figure 6, calculations demon-
strating the variations in the normalized amplitude of the nth-order
sidebands (here n = 0, ± 3, ± 4) as function of different modulation
indices is shown; it was observed that at specific modulation depths
the intensity in the original frequency bin, referred to as the 0 phase-
modulated sideband, equals that of the third order sidebands with a
relative 𝜋 phase difference between +3 and −3. The same is observed for
0 and fourth sidebands, but with a 0 relative phase between +4 and −4.
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The 𝜋 phase difference between ±3 sidebands (similar to the phase
flip of a spatial beam splitter) leads to the cancelation of transmission
and reflection probability amplitudes for a two-photon input. Here, the
transmission probability amplitude refers to the zeroth-order sideband
whereas the reflection probabilities are represented by third-order side-
bands. This would in turn result in the formation of an interferometric
dip, the whole process being the bosonic HOM effect. In contrast, the
relative 0 phase difference between ±4 sidebands contributed to con-
structive interference between the transmission and reflection probability
amplitudes, thereby creating an interferometric peak, representing the
fermionic HOM interference.

Note that sideband creation outside the computational domain can be
overcome by, e.g., concatenation of phase modulators and programmable
filters,[23] where state transmission of close to 100% can be achieved.

Experimental Setup Characteristics: The EOPM had an insertion loss
of 2.8 dB. The RF amplifier operational range was 18–26 GHz. The
programmable filter had a minimum arrangeable bandwidth of ≈20 GHz
with an extinction ratio of 50 dB and an insertion loss of 4.5 dB. For
reference, the measured two-photon signal-idler coincidence rate in the
HOMmeasurement were 173.5 and 107 Hz for the bosonic and fermionic
case, respectively.
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