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1. DETAILED EXPERIMENTAL SETUP
Our experimental setup is given in Fig. 1. We use a continuous
wave tunable laser to seed the microring. Although not shown in
Fig. 1 in the main article, a deterministic polarization controller
fixes the TE polarization at the input of the MRR and Dense
Wavelength Division Multiplexer (DWDM) 100 GHz-bandpass
filters suppress the amplified spontaneous emission from the
pump. The MRR device has a radius of 60 µm with waveguide
cross-section of 1.6 µm wide × 0.6 µm thick; the bus waveguide
has a cross-section of 1.0 µm × 0.6 µm, and the gap between the
bus waveguide and MRR is 500 nm. Three 200 GHz-DWDMs
(also not shown in the Fig. 1 in the main article) are used at the
output of the MRR to attenuate the pump by approximately 60
dB.
The pump power was set to 80 mW for the spectral measurement shown in Fig. 2a. For subsequent measurements, the pump
was set to 2.4 mW. At this lower power level, we ensure that
the count rate at each single-photon detector is roughly equal
to the dark count rate, thereby improving the contrast between
coincidences and accidentals. In the measurements shown in Fig.
2c-e, we use low insertion loss (1.4 dB) DWDM add-drop filters
to separate signal and idler sidebands, while for all other results,
we utilize a programmable pulse shaper (Finisar Waveshaper
4000S) with 10 GHz resolution and 1 GHz addressability to sep-

arate the signal-idler photon pairs. We use two gated InGaAs
single-photon detectors (Aurea Technology SPD AT M2)–with a
1.25 MHz repetition rate–to detect our photon pairs. The photon arrival-time correlations are measured by an event timer
(PicoQuant HydraHarp 400).
For the nonlocal dispersion cancellation experiment, we used
custom made Chirped Fiber Bragg Gratings (CFBG) designed
and manufactured by Proximion. The CFBGs offer both low loss
and virtually zero latency compared to what would occur (24 dB
loss and 600 µs delay) with the 120 km of standard single mode
fiber that would be needed to obtain an equivalent amount of
dispersion.
For the Franson interferometer measurements, we use fiber
based piezo-electric optical phase shifters to control the delays
with high precision, while using a free space delay stage for
control of larger delays. We send a laser through both interferometers in the backward direction for active feedback phase
stabilization. Detecting the output of this backward pumping
shows us the single-photon interference that we can take advantage of to fix the path difference in each interferometer.

2. SILICON NITRIDE MICRORING CHARACTERIZATION
The MRR was characterized through transmission spectrum
measurement. The wavelength of a tunable continuous wave
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laser was swept over the lightwave C-band, from 1520 to 1570
nm, while a power meter and wavelength meter (HighFinesse
WS6-100) recorded the transmitted power and the current wavelength with 10 MHz resolution, respectively. Furthermore, each
resonance was accurately characterized in a small range using a
piezo actuator for frequency modulation of the same laser. We
measured a free spectral range of 380 GHz (equivalent to ∼ 3
nm), a dispersion parameter D of -57 ps/nm/km (indicating normal dispersion), and an intrinsic quality factor Qi of 1.12 × 106
of the resonance located at 1550.9 nm. Figure S1 shows the
frequency differences between the resonances used to generate
signal sidebands and the pump resonance (blue curves); the corresponding frequency differences between idlers and pump are
shown as the red curves. The progressive frequency mismatch
explains the reduction in photon pair flux for resonances farther
away from the pump.
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Fig. S1. Transmission spectra of resonances corresponding to

signal 1 to 5, S1−5 , and idler 1 to 5, I1−5 . The horizontal axes
correspond to the absolute frequency difference between the
displayed resonances and the central frequency of the pump
resonance.

4. FREQUENCY SIGNATURES OF BFC IN A FRANSON INTERFEROMETER AND TIME ENTANGLEMENT VERIFICATION
We verify the time entanglement between photon pairs from
the biphoton frequency comb (BFC) by separating signal and
idler photons and sending each into an unbalanced MachZehnder interferometer [2]. The signal field is defined as having photon-frequency greater than ω0 while the idler field has
photon-frequency less than ω0 , where ω0 is the pump frequency.
First, we consider two signal-idler photon pairs, |n, niSI and
|n + 1, n + 1iSI , generated with equal amplitudes in two contiguous resonances. The temporal wavefunction of this state is
denoted by:


|ψ(τ )i = φ(τ ) |n, niSI + ei∆ωτ |n + 1, n + 1iSI

(S5)

In Eq. S5, φ(τ ) characterizes the envelope of the temporal correlation as a function of delay (τ) for a single sideband
pair; its full width at half maximum is proportional to the inverse of the resonance linewidth. Here, φ(τ ) is assumed the
same for both sideband pairs. In addition, there exists a phase
term (ei∆ωτ ) multiplying the contributions of the two sideband
pairs which is dependent on the frequency spacing between
them or free spectral range, ∆ω. A measurement of the coincidences between photon pairs would yield a correlation function
G (2) (τ ) = hψ(τ )|ψ(τ )i; as a result of the phase term, the correlation peak will contain fast fringes with oscillation period 2π/∆ω
under an envelope of duration proportional to the inverse of the
linewidth (see Fig. S2). However, using our single-photon detectors, we are only able to observe the envelope of the correlation
function; the inability to resolve the fast fringes stems from the
large timing-jitter of our single-photon detectors (300 ps).

3. NONLOCAL DISPERSION CANCELLATION
The probability distribution of detecting a signal photon at time
t + τ and its corresponding idler photon at time t is given by the
Glauber second order correlation function,
G (2) (τ ) = |ψ(τ )|2

1/∆$

(S1)

and ψ(τ ) is the biphoton wavepacket given by
ψ(τ ) ∼

Z

dΩΦ(Ω)e−iΩτ

(S2)

Here, Φ(Ω) is the spectrum of the biphoton frequency comb. If
we apply quadratic spectral phase to the biphotons, the biphoton
wavepacket will be modified as follows:
ψ(τ ) ∼

Z

dΩΦ(Ω)e

iDΩ2
2

e−iΩτ

(S3)

where
h
i
D = Ds + Di units ps2

(S4)

Ds and Di are the dispersions applied to the signal and idler
photons, respectively.
Thus, as Franson pointed out [1], the undispersed form of
G (2) is reproduced when Ds = − Di . This is the condition for
nonlocal dispersion cancellation.

Fig. S2. Theoretical correlation function for two sideband
pairs of the BFC. The zoomed in plot shows the fast fringes
inside the correlation envelope.

Now we add the unbalanced interferometers in the paths of
the signal and idler. The wavefunctions for the n-th and (n + 1)th sideband pairs are described in Eqs. S6 and S7, respectively, as
the interferometers result in path indistinguishability between
the short and long paths.


|ψ(τ )in = φ(τ ) |SSin + ei(ωsn τs +ωin τi ) | LLin
(S6)


|ψ(τ )in+1 = φ(τ ) |SSin+1 + ei(ωsn+1 τs +ωin+1 τi ) | LLin+1 (S7)
Here, |SSin represents the state when signal and idler photons of
the n-th sideband pair take the short path in their corresponding
interferometers. Likewise, | LLin represents the state when both
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photons take the long path. ωsn and ωin are the central frequencies of the signal and idler resonances of the n-th sideband pair.
τs and τi are the delays between long and short paths in signal
and idler interferometers, respectively.
Using the energy matching and cavity resonance conditions,
2ω0 = ωsn + ωin

(S8)

∆ω = ωin − ωin+1 = ωsn+1 − ωsn

(S9)

τd = τi − τs

(S10)

and defining

sum of the contributions of the probability amplitudes described
in Eq. S14. This coincidence rate as a function of τ is:

c(τ ) = φ(τ ) 1 + ei(2ω0 τs +ωin τd )


+ei∆ωτ 1 + ei(2ω0 τs +ωin τd +∆ω τd )

In the limit of slow detection, the coincidence rate is integrated
over a long range of delays and expressed as

C=

we can rewrite Eqs. S6 and S7 as


|ψ(τ )in = φ(τ ) |SSin + e

i (2ω0 τs +ωin τd )

| LLin


|ψ(τ )in+1 = φ(τ ) |SSin+1

+ei(2ω0 τs +ωin τd +∆ω τd ) | LLin+1



(S11)

−∆

(S16)

c(τ )dτ





ωi + ωin +1
∆ω
τd cos
τd
(S17)
C2SB ∝ 1 + cos 2ω0 τs + n
2
2

(S12)

If we adopt the same procedure for three adjacent sideband pairs
(n,n + 1,n + 2), we obtain Eq. S18.

(S13)

which is consistent for all the sidebands. Since τd is 0, we send
signal and idler sidebands through the same interferometer and
sweep the delay in one arm. By measuring the coincidences,
an interference pattern is observed as shown in Fig. S3. This
pattern proves a pairwise energy-time entanglement for all the
sidebands since its visibility is higher than 71% [3].

Coincidences

Z ∆

We used ∆ = 500 ps as our delay range in simulations. Eq. S16
can be solved to obtain the following expression for the two
sideband pair coincidences

If τd is set to zero (τi = τs ), the wave function for the nth
sideband is


|ψ(τ )in = φ(τ ) |SSin + ei2ω0 τs | LLin

(S15)

2

300

C3SB ∝ 3 + cos 2ω0 τs + ωin+1 τd



1 + 2 cos (∆ω τd )



(S18)

The envelopes of Eqs. S17 and S18 are shown in red in Figs. 4b
and 4e in the main article, respectively.
We define the visibility as
V=

Cmax − Cmin
Cmax + Cmin

(S19)

where Cmax and Cmin are the maximum and minimum of the
coincidences over a fast variation of delay as shown in Fig 4a.
Given this expression, the visibilities of this experiment for 2
and 3 sideband pairs are:


∆ω
τd
(S20)
V2SB = cos
2

200

V3SB =

1
|1 + 2 cos (∆ω τd )|
3

(S21)
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Fig. S3. Measured coincidences while simultaneously sweep-

ing the interferometer delay for signal and idler. The calculated visibility for this measurement is 80% ± 5%.
However, if τd is not equal to 0 and we consider sidebands n
and n + 1, the overall wavefunction can now be written as:


|ψ(τ )in,n+1 = φ(τ ) |SSin + ei(2ω0 τs +ωin τd ) | LLin

 (S14)
+ei∆ω τ φ(τ ) |SSin+1 + ei(2ω0 τs +ωin τd +∆ω τd ) | LLin+1
The assumed indistinguishability in the arrival times results in a
coincidence rate that is given by the squared magnitude of the
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