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Two-photon interference is a cornerstone of quantum optics, enabling imaging, sensing, and precision
measurements that surpass classical limits. By harnessing the quantum interference of photon pairs, as demon-
strated by the Hong-Ou-Mandel effect, this approach offers superior axial resolution and intrinsic dispersion
cancellation, along with strong noise suppression arising from the precise temporal correlations between
photons. Building on these principles, we present the theoretical framework and experimental realization of
phase-dependent quantum optical coherence tomography (QOCT), a technique that employs phase-modulated
two-photon interference for noninvasive morphological analysis of multilayered samples. We demonstrate that
introducing controlled phase shifts to photon pairs in a Hong-Ou-Mandel interferometer effectively eliminates
artifacts caused by reflections at different sample layers, thereby greatly improving the accuracy and reliability
of QOCT measurements. This work advances the fundamental understanding and practical deployment of
two-photon interference, overcoming a key limitation in applying QOCT to real-world applications such as

biomedical imaging and materials characterization.
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I. INTRODUCTION

Two-photon interference is a fundamental phenomenon
in quantum optics, representing one of the manifestations
of nonclassical light behavior. When two indistinguishable
photons interact at a beam splitter, they exhibit unique in-
terference effects that have no classical analog, enabling
transformative applications in quantum information pro-
cessing [1], quantum sensing [2—-6], computing [7,8], and
communication [9,10].

Building on this principle, quantum optical coherence
tomography (QOCT) [11] extends the capabilities of con-
ventional optical coherence tomography (OCT) by exploiting
two-photon interference. OCT is an imaging technique that re-
constructs three-dimensional structures by combining lateral
beam scanning with low-coherence interferometry, achiev-
ing high transverse and axial resolution [12]. In standard
OCT, classical light illuminates both arms of a Michelson
interferometer, and the image contrast arises from first-order
field correlation measurements. In contrast, QOCT replaces
classical light with entangled photon pairs generated via spon-
taneous parametric down-conversion (SPDC) and measures
fourth-order field interference, using a Hong-Ou-Mandel
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(HOM) interferometer [13,14]. This quantum enhancement
leads to a twofold improvement in axial resolution and can-
cellation of even-order dispersion [15,16], offering significant
advantages for imaging through dispersive media such as bio-
logical tissue [17,18].

Despite significant progress and wide-ranging applica-
tions, QOCT still faces two main limitations: long acquisition
times and the presence of artifacts. These artifacts originate
from the quantum properties of the system and are caused
by interference between photons reflected from different re-
flective layers within a sample. In particular, artifacts, along
with recently identified echoes [19], appear as peaks or dips
in the QOCT signal that do not correspond to actual phys-
ical interfaces within the sample. Additionally, for samples
with more than two layers, artifacts are generated for every
pair of real interfaces, making it increasingly challenging to
extract accurate and meaningful information from complex
structures. Several approaches have been proposed to mitigate
artifacts in QOCT [20-24]; however, all are either very slow
or not efficient for practical purposes.

In this work, we introduce phase-dependent QOCT, a
technique for artifact-free multilayer sample probing by in-
corporating phase shifts into correlated photon pairs. This
method exploits the phase independence of the HOM ef-
fect while leveraging the fact that artifacts originate from
cross-interference, which is inherently phase dependent. By
modulating the phase of entangled biphotons in tomogra-
phy, we can effectively control and even eliminate artifacts
without affecting the HOM dips corresponding to different
layers of the sample. This approach offers several advantages:
It requires only minor modifications to conventional two
photon-interference-based setups, as it can be implemented
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using standard electro-optic components, and it provides a
straightforward yet highly effective solution for artifact man-
agement. By overcoming a major limitation of QOCT, this
technique improves its suitability for real-world applications,
paving the way for implementation and commercialization,
and enabling the effective probing of complex multilayered
samples such as biological tissues in the eye or skin.

II. EXPERIMENTAL RESULT

Figure 1(a) shows the schematic of the phase-dependent
QOCT in which pairs of entangled biphotons, typically gen-
erated via the SPDC process, are used as inputs for the HOM
interferometer. These photons pass through two phase shifters,
each adding a global phase ¢;(r) = B; sin(2;¢ + 6;), with B; =
%n, where V; is the applied voltage on the electro-optical
modulators (EOM) with frequency €2; and phase 6;, with
i =1, 2. Here, V, ; is the half-wave voltage of the EOM. The
idler photon then travels through the reference arm, where a
controllable delay t is introduced, while the signal photon is
directed toward the sample arm, where it reflects off various
surfaces within the sample. The two photons are then recom-
bined at a beam splitter, where they interfere. The output of
their interference I'(t) =1 — %;) is recorded as a function
of the temporal delay t between the reference and sample
arms (see the Appendix A for the details of the calculations).
Here, Gy represents the self-interference terms that remain in-
dependent of 7, while G(7) arises from the cross-interference
terms and contains HOM dips that encode information about
the sample’s internal structure, allowing for its morphological
properties to be extracted, and it is given by
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where wy is the pump frequency and o, (o) represents the
bandwidth along the antidiagonal (diagonal) in the frequency
space. In general, o, can be experimentally adjusted using a
bandpass filter (BPF) applied to the photon pairs, whereas o,
can be controlled through the pump bandwidth. Additionally,
rf and r% correspond to the reflectivities of the two layers,
and T represents the round-trip time of propagation between
them. We also have defined A,,, = J,,(81)J,(B2), with J,,(x)
being the Bessel functions of the first kind of order m, A}, | =
le + l’le, and
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FIG. 1. (a) Schematic of phase-dependent QOCT. Entangled
signal-idler photon pairs are generated via the SPDC process when a
pump beam interacts with a nonlinear crystal. The generated photon
pairs pass through two controllable phase shifters ¢;(¢) before being
used to scan a sample. The signal photons then probe different layers
of an unknown sample, while the idler photons travel through a
reference arm of adjustable length to match the path delay v with
the signal photons. After combining at a beam splitter, the coinci-
dence rate C(t) is measured by two photodetectors. (b) Full QOCT
coincidence interferogram showing two Hong-Ou-Mandel dips, each
corresponding to a reflective layer in a two-layer sample, together
with an artifact (center feature). The solid blue-green curve shows the
interferogram without phase modulation, where the artifact appears
originally as a peak. By varying the phase parameters, the shape and
amplitude of the artifact can be modulated, transforming it into a flat
(dotted pink) or into a dip (dotted violet) artifact, while the HOM dips
remain unaffected. Insets show enlarged views of the stable HOM
dips and the artifact.

with @7" = (m —m')0; + (n — n')6,. The first two terms
in Eq. (2) correspond to the first and second HOM dips,
associated with the first layer at T = 0 and the second layer
at T = T, respectively. Meanwhile, the third term represents
the artifact that appears at the midpoint of the sample, occur-
ring at T = T /2. Equation (1) is generally an interesting yet
somewhat complex expression. The response of the system
has been plotted in Fig. 1(b), which shows the normalized
interferogram I'(t) for different values of § = “;Tn by chang-
ing the applied rf voltages. This figure illustrates that while

043039-2



PHASE-DEPENDENT QUANTUM OPTICAL COHERENCE ...

PHYSICAL REVIEW RESEARCH 7, 043039 (2025)

source HOM interferometer

coincidence detection system

translational | (©)
mirror "
H\L\IP PBS «—>

U Z H 1?’—"] SMF =
“ Qwp ‘

cw
laser L1 LPF BPF

pm = |
o
crystal

0 multilayer !
awp Tampe i}
—NH=

HWP PBS i APD

FIG. 2. Phase-dependent QOCT setup: A tunable continuous-
wave laser pumps a type-I BBO nonlinear crystal, generating
correlated signal-idler photon pairs. The generated pairs pass through
two identical EOMs, both driven by locked microwave signal gener-
ators (SG). The phase-shifted photon pairs are directed into the HOM
interferometer, where they are recombined and subsequently de-
tected using avalanche photodiodes (APDs). Key optical components
include PMSMFs, a polarization beam splitter (PBS), a quarter-wave
plate (QWP), a beam splitter (BS), long/bandpass filters (L/BPF), a
single-mode fiber (SMF), and a half-wave plate (HWP).

the HOM dips remain unchanged, the artifacts can be fully
inverted from a peak to a dip or completely suppressed by
appropriately tuning the phases. This behavior can be partially
understood by focusing only on the diagonal terms in the
summation, where n = n’ and m = m/, leading to

2852

G(r)=2) A} e =i
mn

(04T TA;H T
+rirpe 7 cos| woT + 2’ K 7| “)

The above equation explicitly demonstrates that the first and
second terms inside the brackets remain unaffected by the
phase injected into the photon pairs, whereas the third term
depends on A = mQ + nQ,.

Figure 2 shows the experimental setup for phase-dependent
QOCT in which the system is pumped with a tunable
continuous-wave (CW) laser, emitting light with a pump
wavelength centered at Ag = 404.5 nm. The pump feeds a
2-mm long B-barium borate (BBO) crystal, which generates
pairs of photons through type-I SPDC. The phase of each twin
photon is independently modulated using EOMs placed at
the output of the polarization-maintaining single-mode fibers
(PMSMFs). Each modulator is driven by a signal generator
SG, which provides a signal with adjustable amplitude, driv-
ing rf frequency, and phase difference relative to a common
rubidium clock that serves as a reference.

The idler photon is directed to the reference arm, where a
temporal delay is introduced and is controlled by adjusting the
path-length difference between the idler and signal photons. In
the sample arm, the signal photon probes a multilayered sam-
ple composed of two reflective interfaces. The sample used
in our experiment is 2-mm-thick glass coated at the front and
back with a thin gold layer via electron beam deposition. The
output beams at the beam splitter’s exit ports are coupled into

|:r12/<(0) + r%K(T)

avalanche photodiode (APDs). The normalized coincidence
interferogram I'(7), resulting from HOM interference, is mea-
sured using a time controller unit with a fixed coincidence
window of 2 ns (see the Appendix).

The resulting coincidence interferograms are recorded by
independently varying EOM parameters and performing a
scan over the temporal delay t (in ps), corresponding to the
optical path length (in um) traveled by light through the sam-
ple. An HOM dip appears in the event that the path-length
difference between the reference and sample arms is zero
(r =0), that is, when the signal photon is reflected back
from a reflective interface within the sample. While the entire
sample length is scannable, our focus is on the region where
the artifact appears. Additionally, the front and back surfaces
are examined to confirm that the visibility of their respective
HOM dips remains unchanged by phase modulation (see the
Appendix). This is because the size of the sidebands, deter-
mined by the applied frequency and power, is much smaller
than the bandwidth of the biphoton state.

Figure 3 illustrates the effect of phase modulation on the
artifact for various parameters of both EOMs in the idler
(EOM 1) and signal (EOM 2) paths, including the applied
voltages (f;), tf driving frequency €2;, and phase difference
between the two sources A9 =6, — 0y, with i =1, 2. Al-
though this experiment uses two EOMs, it should be noted
that our protocol does not require both to manipulate the
phase. A single EOM can also achieve the desired effect. In
each measurement set, we isolate one specific variable and
systematically scan its entire range while keeping all other
variables constant. The amplitude of the artifact is reported
in normalized coincidences I'(7).

The voltage scans in Fig. 3(a) are obtained by fixing the
driving frequencies at 2 /2m = Q,/2m = 12.7GHz and the
phase difference A9 = 0. The values of frequency €2; and A6
were specifically selected to achieve the largest change in the
amplitude of the artifact and demonstrate the effect of mod-
ulation in detail. The polarity of the artifact becomes more
negative for higher values of 8. Noticeable changes appear at
B1 =2.16 and B, = 1.79, corresponding to V,,, = 2.12V; the
voltage was then gradually increased to the maximum power
output of the signal generators at §; = 5.42 and 8, = 4.48.
This led to a full flip on the artifact from peak to dip.

The effect of varying the driving frequencies of both EOMs
is shown in Fig. 3(b). The microwave source frequencies
for both EOMs are scanned symmetrically, 2; = 2, over
the range of 1-12.7 GHz, while maintaining a fixed phase
difference of A@ = 0 and applying maximum voltage to each
EOM. As seen, the artifact transitions from a peak to a dip and
is effectively eliminated at 2, /27 = 7 GHz.

Figure 3(c) illustrates the impact of the phase shift be-
tween the EOMs when driven at maximum voltage and a
frequency of 12.7 GHz. As with the previous two configu-
rations, the amplitude of the artifact can be controlled, in this
case, by adjusting the phase difference A6. The solid lines in
Figs. 3(a)-3(c) show the theoretical fits using Eq. (1).

Finally, the results of the fitting using model based on
Eq. (1) for different values of B are shown in Fig. 4. The
impact on the visibility of the artifact (z = 7/2) is measured
for increasing values of B. The height of the artifact tran-
sitions completely from a peak to zero and then to a dip
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FIG. 3. Effect of modulation parameters on artifact. The height
of the artifact, measured in normalized coincidences, varies as a
function of (a) the voltage amplitudes B, and B,, while keeping the
driving frequencies fixed at Q,/27 = Q,/2n = 12.7GHz and the
phase difference at A = 0; (b) the driving frequencies 2, = Q,
with a fixed phase difference of A9 =0 and maximum voltage
applied to each EOM; and (c) the phase difference between the
microwave signals driving the EOMs, when each EOM is driven
at maximum voltage at a frequency of 12.7 GHz. Here, the experi-
mental data (dots) have been fitted using our theoretical model (solid
line).

by adjusting 8 = B; = B,. In this case, the voltage scans
are recorded while keeping the driving frequencies fixed
at Q1/27 = Q,/2m = 12.7GHz and the phase difference
A6 = 0. The experimental data (dots) have been fitted using
our theoretical model (solid line).

III. SUMMARY

In summary, we have demonstrated that introducing phase
shifts to entangled photon pairs enables phase-dependent
QOCT, offering a practical and experimentally accessible so-
lution for artifact suppression. Unlike previous approaches
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FIG. 4. The artifacts transition from a peak to zero and then to
a dip as the modulation depth is adjusted, with 8 = B, = B, for the
driving frequencies fixed at Q,/27w = Q,/2n = 12.7GHz and the
phase difference at A6 = 0. Here, the experimental data (dots) have
been fitted using our theoretical model (solid line).

relying on laser frequency tuning, broadband sources, or
computationally intensive postprocessing, our method uses
externally applied phase modulation to selectively eliminate
artifacts without compromising axial resolution. This funda-
mentally unique mechanism exploits the phase dependence
of artifacts versus the phase independence of HOM dips,
allowing reliable identification and removal of artifacts for
accurate morphological extraction. While effective for simple
two-layer samples using a single modulation setting, more
complex multilayered samples may require temporal variation
of EOM parameters, such as voltage or frequency, to identify
artifacts based on their amplitude changes and exclude them
during postprocessing. Integration with machine learning or
genetic algorithms [19] can further enhance performance by
predicting artifact positions and optimizing modulation se-
quences for efficient suppression across all depths.

While our method addresses a key challenge in QOCT—
namely, the suppression of artifacts—further improvements
are needed to make QOCT viable for real-world applications.
Enhancing resolution and acquisition speed remains essen-
tial. This can be achieved by tailoring the biphoton spectral
distribution, for example, through broader pump bandwidths,
thinner nonlinear crystals, or chirped quasiphase matching to
optimize frequency correlations. Increasing photon flux using
brighter SPDC sources would also accelerate data collection.
However, practical deployment still faces challenges, includ-
ing sensitivity to phase noise in electro-optic modulators and
spectral impurities, all of which can degrade artifact suppres-
sion and image quality. Although SPDC remains the most
widely used source due to its well-characterized entanglement
properties and dispersion cancellation, alternative sources,
such as four-wave mixing in fibers or engineered quantum
dots, could offer greater flexibility, provided that they support
suitable spectral correlations.

Beyond QOCT, our results show that phase modulation
of entangled photon pairs enables direct control over cross-
interference features in quantum measurements, thus intro-
ducing a degree of freedom for quantum state manipulation.
The artifact amplitude can be leveraged as an indicator of the
global phase applied to biphoton states, facilitating potential
applications in phase-sensitive quantum metrology, precision
probing, and quantum information encoding. This conceptual
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insight opens pathways for enhanced quantum sensing proto-
cols and phase-dependent entangled state preparation, topics
of strong relevance to the quantum optics community.
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APPENDIX A: THEORY OF THE PHASE-
DEPENDENT QOCT

We start by introducing the initial quantum state of the
entangled photon pairs generated via SPDC:

1Y) =10) + 77// doydw f(wr, @) |o1) lw2),  (Al)

where f(w;, wy) is the joint spectral amplitude (JSA) of the
single photons as determined by the phase-matching con-
ditions of the down-conversion process having efficiency
n. Note that S(w;, ) = |f(wi, w2)|* represents the joint
spectral intensity, which describes the probability of detect-
ing a signal photon with frequency w; and an idler photon
with frequency w,. This can be approximated as a Gaussian

function [19]
4 |: <w1 +a)2—2w0>2:|
exp| 2 ————
To,04 Og4

2
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where wy is the pump frequency and o, (o) represents the
bandwidth along the antidiagonal (diagonal) in the w;, w;
frequency space. In general, o, can be experimentally adjusted
using a BPF applied to the photon pairs, whereas o, can be
controlled through the pump bandwidth.

We now analyze the effect of applying an external phase to
the biphoton state. Assume that an external phase ¢ is applied
to each photon in the entangled pair. This is implemented in
practice by placing two EOMs along the propagation paths
of the biphotons. A sinusoidal electric field drives each EOM
with a frequency €2, where the amplitude of the field pro-
portionally modulates the phase of the transmitted optical
field. The additional phase is given by ¢(t) = B sin(2t + 6),
where 8 = Vln is the modulation index describing the phase
deviation of the modulated si gnal away from the unmodulated

S(w, ) =

(A2)

one, V is the voltage amplitude of the signal, and V; is the
half-wave voltage of the EOM. As a result, the output field of
the EOM can be expressed as

0 — Z Jm(ﬁ)eim(ﬂt+0), (A3)

m=—0o0

where J,,(x) is the Bessel functions of the first kind of order
m. Given that the phases are time dependent, it is practical to
analyze the system in the temporal domain, where the JSA of
the SPDC photons can be represented as

flor, wp) = // dtidty f (1, ty)e M e™in (A4)
where f(t1, 1) is the joint temporal amplitude of the bipho-

tons. As a result, the total JSA of the photon pairs after the
phase modulation becomes
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In the frequency domain, the phase-shifted JSA can be
written as

fru(wr, ) = // dtdty fpu(t, tp)e ™11 e~z

= > Y fumlor, ),

(A6)
m=—00 n=—00
where
Som(w1, @) = f(w1 — mQy, wy — )
X Tn(BOTu(B)e! ™ %) (A7)

Equation (A6) describes the appearance of multiple side-
bands in the spectral space that compose a network of
sub-JSAs, f,.,, which are separated by integer multiples of the
external driving frequency m<2; and nS2,.

QOCT takes advantage of HOM interference to reconstruct
the internal axial structure of multilayered samples. Pairs of
entangled photons, often generated by type-I or type-11 SPDC,
serve as inputs for the HOM interferomenter. The signal pho-
ton is sent to the reference arm with a controllable delay ,
while the idler photon is sent to the sample arm in which
light is reflected back from each of the reflective surfaces
within the sample. The two photons are then recombined and
interfered in a beam splitter. The output of their interference
C(7) is recorded as a function of the temporal delay between
the reference and sample arms. A basic schematic of a QOCT
with phase modulation on the entangled pairs is shown in
Fig. 1(a). Due to the HOM effect, a dip appears in the inter-
ferogram when the optical path lengths of the signal and idler
photons are equal. The distance between the HOM dips in
the interferogram allows information concerning the sample’s
internal morphology to be extracted.

The output of the HOM interferometer is a second-
order correlation measurement, which can be mathematically
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described by the coincidence interferogram function [20]
Ny
Coy=— dwidws | feu(wr, w2) H(ws)

— fem(wr, w1) H(wy) e~ 2, (AB)

where Ny represents the background coincidence count rate
and H (w) represents the sample transfer function. For a two-
layer sample, this function is given by H(w) = r; + rne™T,
where r? and r3 correspond to the reflectivities of the two
layers and T represents the propagation time between them.
By expanding each term, we obtain

c0 = 16y - 6oL, (A9)
where
Go = / / dewidas[| for (@1, w2)H (2)]?
+ | feu (@2, 01)H (1) ] (A10)

are the self-interference terms that are independent of t, and
the cross-interference terms [11,20]

G(r) = // dodws [ feu (@i, w2) fay (@2, ©1)

X H*(w1)H (w)e” @~ 4 ¢ c], (A11)

which contain information about the light reflected back from
each of the internal layers of the sample and, therefore, about
its axial morphology. By substituting Eq. (A6) in Eq. (A11)
and after a few algebraic simplifications, we obtain
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where we have defined A,,, = J,,(81)J,.(82), A,in =m; £
n$2,, and

o2
K(T)=e T

AL — A
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with ®7" = (m —m')0; + (n — n')6,, as explained in the
main text.

APPENDIX B: EXPERIMENTAL SETUP

Figure 2 shows the experimental setup for phase-dependent
QOCT. In essence, the setup consists of the source of en-
tangled pairs, the modified HOM interferometer, and the
coincidence detection system. The system is pumped with
a tunable CW laser, emitting light with a pump wavelength
centered at Lo = 404.5 nm and set to an average power of

60 mW. The pump polarization and beam waist diameter are
controlled with a half-wave plate and a planoconvex lens (L1,
f = 1000 mm), respectively, that have been set to maximize
transmission and focus the beam to have a diameter of 300 um.
The pump feeds a 2-mm-long B-barium borate crystal, which
generates pairs of entangled photons through type-I SPDC.
The signal and idler photons are emitted noncollinearly at an
exit angle of 3° with respect to the pump axis. The output
is filtered with a long-pass filter with cutoff wavelength A =
500 nm, which blocks the pump and a spectral BPF centered at
800 nm, with a 40 nm width. The signal and idler photons are
separated using a right-angle prism mirror that leads each of
the twins into PMSMFs, which provide spatial mode filtering
and ensure that the arms of the interferometer are fed with
Gaussian modes. The output of the PMSMFs feeds the sample
and reference arms of the interferometer.

The phase of each twin photon is independently mod-
ulated using EOMs placed at the output of the PMSMFs.
These EOMs are low-loss lithium niobate phase modulators
designed to operate around 795 nm. Each modulator is driven
by a signal function generator, which provides a signal with
adjustable amplitude, driving rf frequency, and phase differ-
ence relative to a common rubidium clock that serves as a
reference. The SFGs have a maximum output frequency of
12.7 GHz and an output voltage of 7.24 Vpp (22 dBm),
corresponding to a range of f; < 5.42 and B8, < 4.48, since
Ve, =3.08V and V,, =3.73 V. The values of B include a
correction in input power due to cable losses.

The signal photon is directed to the reference arm, where
a temporal delay is introduced using a system consisting
of a PBS, a QWP that ensures the correct polarization for
interference, and a translational mirror mounted on a motor-
ized precision linear stage with a micrometer step size. The
temporal delay 7 is controlled by adjusting the path-length
difference between the signal and idler photons.

In the sample arm, the idler photon probes a multilayered
sample composed of two reflective interfaces. The sample
used in our experiment is 2-mm-thick glass coated at the front
and back with a thin gold layer via electron beam deposition.
The reflectivities of the front and back layers (along the direc-
tion of light propagation) are 36% and 95%, respectively. The
signal and idler photons are then recombined at a 50:50 beam
splitter, which forms the core of the HOM interferometer. The
output beams at the beam splitter’s exit ports are coupled into
avalanche photodiode (APDs). The normalized coincidence
interferogram I' (), resulting from HOM interference, is mea-
sured using a time controller unit with a fixed coincidence
window of 2 ns.

The impact of phase modulation on artifacts in the QOCT
trace is assessed by varying the phase of the entangled pho-
tons through adjustments to the EOMs’ voltage or applied
power, phase, and frequency. The resulting coincidence in-
terferograms are recorded by independently varying EOMs
parameters and performing a scan over the temporal delay
T (in ps), corresponding to the optical path length (in wm)
traveled by light through the sample. An HOM dip appears in
the event that the path-length difference between the reference
and sample arms is zero (r = 0), that is, when the idler photon
is reflected back from a reflective interface within the sample.
While the entire sample length is scannable, our focus is on
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FIG. 5. (a) Full QOCT inteferograms of a 2-mm sample, with
and without modulation. The interferogram shows two HOM dips
corresponding to real interfaces and one artifact at the midpoint
between them. Smaller artifacts appear due to an air gap in the
sample acting as a layer. (b) A close-up of the first HOM dip, (c) a
close-up of the second HOM dip, and (d) A close-up of the second
small artifact in the experimental scan.

the region where the artifact appears. Additionally, the front
and back surfaces are examined to confirm that the visibility
of their respective HOM dips remains unchanged by phase
modulation (see the Appendix). This is because the size of the
sidebands, determined by the applied frequency and power, is
much smaller than the bandwidth of the biphoton state.

APPENDIX C: FULL QOCT INTERFEROGRAM
OF THE 2-MM SAMPLE

Figure 5 presents the complete interferogram of a sam-
ple of three interfaces, conducted to demonstrate the proof
of principle for phase-modulated QOCT and to confirm that
phase modulation does not affect the visibility of the HOM
dips. Figures 5(b) and 5(c) present a close-up view of the first
and the last HOM dips that show no change in their visibility,
aligning with the theoretical model presented in the main text.
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FIG. 6. The visibility of the artifact, measured in normalized
coincidences, changing as a result of varying the phase of the EOM
with (a) both EOMs fixed at 2, /27 = /27 = 6 GHz and (b) both
EOMs fixed at /27 = Q,/27 = 9 GHz.

The sample was fabricated by stacking two 1-mm-thick
glass cover slips and depositing a thin gold film on their outer
surfaces. The separation between the cover slips creates a
thin air gap, introducing an additional layer with a reflective
index of r = 0.04. As a result, three artifacts appear in the
interferogram: The main one at the midpoint between the
front and back gold depositions and two smaller artifacts at
T =3.1 ps and v = 7.1 ps. While this behavior is consistent
with our previous investigation of multilayered samples, the
appearance of these smaller artifacts is not accounted for in
the model presented in this work since it assumes a two-layer
sample.

Nevertheless, these small artifacts, together with the main
one, are removed by modulating the phase. Figure 5(d) shows
a closer look at the first small artifact appearing at T = 3.1 ps
in the experimental scans. During the scans, the phase A9 was
varied, while the voltage and driving frequency were constant,
Q1/2m = Q,/27 = 12.7 GHz.

APPENDIX D: ARTIFACT REMOVAL
WITH DIFFERENT DRIVE FREQUENCIES

Figure 6 shows scans of A6 at different phases A6 =
15°,90°, 180°, 210°, 360°. The driving signal was set to a
constant voltage of 7.24 V and constant driving frequen-
cies Q;/2nr = Q,/27 = 6GHz [Fig. 6(a)] and /27 =
Q/2m = 9 GHz [Fig. 6(b)].
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