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1 Electro-Optic Shifting

Electro-optic frequency shifting of photons is a possible solution for the
inhomogenous distribution of solid-state emitters.

Phase modulators can in principle shift the frequency of CW optical tones
with unity efficiency through the application of a linear phase advance or
retardation to the transmitted field. More formally, if am input CW tone Ae/®*
with frequency w is transmitted through a phase modulator with an applied
phase ¢(t), the transmitted field is given by Er jgeqr(t) = Aed@T9(1) When
d(t) = kt we observe that Bt jjeq(t) = Aed @Rt = Aed¥"; a CW tone with a
shifted frequency w’ = w + k

In practice, a limitless linear increase in phase would require a correspond-
ingly unbounded increase in applied voltage which is nonphysical. Thus various



ETEX template

2 A TFLN Near-Infrared Platform for Multiplexed Quantum Nodes

techniques are used to emulate a linear phase advance. In this work we explore
two techniques: shearing and serrodyning. In shearing, a sinusoidal tone is
applied to the phase modulator and an optical pulse is co-localized to the lin-
ear region of the phase to emulate a linear rise. This technique requires the
input light be pulsed, thus causing a fundamental trade-off between the pulse
linewidth and frequency shift. With serrodyning, an electrical sawtooth wave
is used with an amplitude of 27. As a 27 phase is equivalent to 0 phase, an
ideal sawtooth wave is equivalent to a monotone linear increase. This method
works regardless of the initial bandwidth of the input tone, but requires higher
bandwidth electro-optic control.

In this section, we will model both techniques to understand their
limitations.

1.1 Modeling and Limits of Spectral Shearing

With the shearing technique, a sinusoidal tone with frequency frp and
modulation depth ¢q is applied to the modulator

¢(t) = ¢Osin(27rprt)

To emulate a tone, the input optical signal is assumed to be pulsed with
pulses co-localized to the rising edge: E7 igeai(t) = A(t)e?@T¢®) Thus we
can perform a taylor expansion:

o(t) ~ 27 frrdot — dol/6(2m frr )t + ...

where we observe that to first order, an optical frequency shift occurs: Aw,, =
oo/t = 27 frEdo. Tt is clear that in order to maintain the approximate linearity
of ¢(t), it is vital that the optical pulse is limited temporally to mitigate the
influence of the t3 and higher order terms. Higher order terms will lead to
a shift to other frequency bins, which can be considered to be either a shift
distortion or inefficiency.

There are two figures of merit for shearing: the achievable frequency shift
and the eficiency of that shift. The first is given by Aw,, divided by the
spectral linewidth of the input pulse Avpyise, which we define to be the full-
width half max in the spectral domain for the purposes of this analysis. The
second is the efficiency or distortion of the shift. As shearing is not neces-
sarily periodic and thus the transmission optical spectrum is not intrinsically
band-limited, the exact useful definition of efficiency is application depen-
dent. For purposes of this analysis, we define efficiency as the overlap between
the transmitted frequency shifted pulse and an ideal frequency shifted pulse
€= f ET(t)E’}:,ideal (t)dt

Two control variables can be utilized to maximize the performance of shear-
ing, frr and ¢¢. frp is principal set as a function of the temporal length,
T, of the pulse that one wishes to frequency shift. If the RF period 1/fgrr
is small compared to T, the pulse will experience a larger nonlinear segment
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of the sinusoidal tone (¢3 terms in the Taylor expansion) and thus experience
a distortion. This is also why the ratio Awep/Avpuise is taken as the figure
of merit as opposed to the absolute shift Aw,p, since in principle the optical
pulse can be shrunk to increase the absolute magnitude of the shift, but this
will increase the vpy15c and thus the ratio provides a fairer metric.
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Supplementary Fig. 1 Shearing vs RF frequency. Optical frequency spectra of the
transmitted light for various RF shearing frequencies. We see that when frp is larger a larger
shift occurs, but the shape of the line in the optical frequency domain becomes distorted.
(b) Optical frequency shift Aw versus applied RF frequency, showing an increased achieved
shift with a higher RF frequency. (c) Shift efficiency versus applied RF frequency, showing
a decreased efficiency at higher RF frequencies due to increased nonlinear distortions.

To numerically evaluate this effect, we compute the transmitted frequency
spectra of Ep(t), for a fixed ¢p = 207 and a square wave optical input with
temporal duration T and for a variable RF frequency frr (Supplementary
Fig 2). While frr = 0.2/T achieves double the frequency shift of the case
of frrp = 0.1/T, it is significantly more distorted. To quantify this trade
off Awep/Avpyse and the efficiency are computed as a function of frpT,
thus showing a fundamental tradeoff between the two. As a compromise, for
the experiment in this work we pick frr = 0.1/T as this ensures we have
maximized frp without any significant penalty to the efficiency.

In terms of the effect of the phase modulation index ¢g, one might intu-
itively think that the goal should be to maximize ¢y based on the practical
limit of applicable RF voltage and minimizing V, of the modulator. Instead
we observe that increasing ¢q itself also non-negligibly leads to distortion in
the signal (Supplementary Fig 2). Indeed, numerically we find for the shearing
parameters used in this work, if we wanted to further increase ¢ to achieve
Awyp/AVpyise > 100 would induce a significant penalty to the efficiency. To
understand this, we see that in the taylor expansion of ¢(t), the highest order



ETEX template

4 A TFLN Near-Infrared Platform for Multiplezed Quantum Nodes

@, (b)
—_ 1
i) I 40
0.8 |
2 H i Z 30
= 0.6 — None H =
o ¢o/m =50 H o
20.4 — $o/m =100 | ‘ 520
2 i | \ <
J20.2 [ 10
_00 '\JH 0
-5 0 5 10 15 20 25 30 35 0 25 50 75 100 125 150
Aw / FWHM oo/
(0 1.0
0.9
go.8
@
20.7
b
0.6
0.5

0 25 50 75 100 125 150
do/nt

Supplementary Fig. 2 Shearing vs drive amplitude. Optical frequency spectra of
the transmitted light for various phase amplitudes ¢o. We see that increased ¢ leads to an
increased optical shift but also increased distortions. (b) Optical frequency shift Aomega
versus ¢o , showing an increased achieved shift with larger amplitudes (c) Shift efficiency
versus ¢g, showing a decreased efficiency at higher drive amplitudes due to increased non-
linear distortions.

error term is ¢o1/6 f}% pt3 o ¢, This thus provides another challenge in achiev-
ing larger shifts with shearing than just increasing the voltage, and makes
it challenging to achieve Aw,p/Avpyise > 100 while simultaneously achieving
high efficiencies.

There are several possible ways to get around this. First we note that
while the error term ¢1/6 f}% #t3 has a linear dependence on ¢y it has a cubic
dependence on frp. Thus this term can theoretically be decreased through
decreasing frr and correspondingly using a larger ¢y (Supplementary Fig.
3), with the clear disadvantage that an even larger ¢¢ is required. To con-
textualize this, we estimate that to achieve a shift Aw,p/Avpyise > 100 with
efficiency > 90% would require frp = 0.04/T and ¢¢ = 160w, corresponding
to a voltage amplitude of ~ 240V for the phase modulators used in this work.
As an alternative strategy, one could use a more complex waveform consisting
of the summation of multiple sinusoidal harmonics whose taylor expansion has
higher order cancellation: e.g. ¢2(t) = ¢o[sin(2w frpt)+1/8sin(2m(2frr)t)] ~
$o[3/4(27 frF)t — 1/40(27 frF)%t® + ...]. These more complex waveforms can
also be understood as a higher harmonic approximation to a sawtooth wave
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Supplementary Fig. 3 Efficiency vs Optical Shift. Efficiency versus normalized opti-
cal shift for two different frequencies frp. Shift efficiencies above 90% for optical shifts
Awop/Avpyise > 50 are theoretically achievable using a low frp.

and thus as a sort of hybrid between serrodyne and shearing, with the disad-
vantage the additional complexity required as well as a larger ¢g required to
achieve a given shift.

1.1.1 Suitability of Shearing for Multiplexing Quantum Nodes

In the experimental results shown, we have shown the ability to perform high
efficiency shearing for Awey,/Avpyse > 10. For compensating for the inhomoge-
nous distribution for photons that have been emitted and entangled with the
quantum memories, this is insufficient due to the large mismatch between pho-
ton lifetimes and inhomogenous distributions. For example, the silicon vacancy
center in diamond has a intrinsic linewidth of ~100 MHz but an inhomogenous
distribution on the order of 10 GHz and thus requires Awg,p/Avpyise > 100.
Given the analysis in the above section, it is clear that increasing this to shifts
beyond Aw,p,/Avpyise > 100 will require a greater than 10x increase in the
achievable phig to compensate for the additional distortions introduced by
increasing the drive voltage. Thus it does not seem practical to use shearing
for frequency shifting the transmitted entangled single photon signals with-
out significant advances in modulators (potentially using resonant modulator
designs or other advances) or on the emitter side to decrease the inhomoge-
nous distribution. Despite this, frequency shearing on the input control side
to use a common laser to address a large number of color centers with varying
frequencies seems feasible. This is especially true for emission based schemes
where excitation optical pulses much shorter than the emitted photon life-
time are used to excite quantum memories and thus have significantly relaxed
Awep/ AVpyise requirements and less efficiency and purity requirements as well.

1.2 Modeling and Limits of Serrodyning

In serrodyning, a sawtooth wave with an amplitude of 27 and frequency fsr
is applied to the modulator. This emulates a linear wave as a phase of 27 is
equivalent to a phase of 0 so assuming the drop off region of the sawtooth
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is instantaneous (as in an ideal sawtooth) the sawtooth is equivalent to a
linear increase in phase, and nominally frequency shifts the input light by
a frequency fsp. Since no temporal pulsing is required, there is no intrinsic
trade off between achievable frequency shift and initial pulse linewidth that is
observed with shearing - even a CW tone can be efficiently serrodyned.

The challenge with serrodyning is the generation and signal integrity of the
electrical sawtooth wave. The sawtooth wave is a intrinsically high-bandwidth
signal, which can be observed either in the time domain due to the sharp drop
in voltage at the teeth of the sawtooth, or in the frequency domain where the
sawtooth wave can be decomposed into a Fourier series -

inf

G(t) = go[1/2 -1/ Y %sin(mrt - fsr)]

n=1

where ¢q is the modulation depth, and fgr is the frequency of the sawtooth
wave. We observe a very modest roll-off o« 1/n in the Fourier component
amplitude thus requiring a large bandwidth to faithfully reproduce the saw-
tooth wave. Distortions in the sawtooth wave when applied to the modulator
causes frequency content to partially shit to other undesired frequency bins,
thus decreasing the efficiency.

For generation of the sawtooth wave, we choose to use a digital approach
using a high-speed arbitrary waveform generator (AWG). This is advantageous
compared to the previously utilized analog approaches since the AWG allows
arbitrary modification of the signal in order to compensate for distortions due
to frequency-dependent loss in transmission. One potential issue with the AWG
is its temporal discretization of the sawtooth waveform, though numerically
we will find that the sample clock of the utilized AWG is sufficiently fast that
its effect is minimal.

From the output of the AWG, the sawtooth wave is then directed into a
broadband amplifier to amplify the signal, transmitted through cables, and
then applied to the modulator. When designing this signal path there are
two primary concerns. First the amplifier must have enough gain and satu-
ration power so it can fully drive a 27 phase shift on the modulator. Having
a modulator with a low V; is crucial to easily meet this requirement since
achieving a high output power and simultaneously high bandwidth RF ampli-
fier is difficult. Second, there will be frequency dependent losses through all
components including the amplifier, cables, and the modulator itself which
will introduce distortions into the signal. It is important to minimize these
losses through through utilizing short, high efficiency cables and engineering a
high-bandwidth modulator. When these are well engineered to be on the order
of a few dB, the distortions from the modulator and cable can be effectively
compensated via pre-distortion from the AWG. The amplifier, however, has a
much sharper roll-off at its cutoff frequency that cannot be effectively compen-
sated for, and thus it is what ultimately limits the achievable shift efficiencies
particularly at larger frequency shifts (higher fsr).
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1.2.1 Serrodyne Modeling

To quantitatively understand the limitations of serrodyning, we model the
effect of distortions of the sawtooth wave ¢(t) on the frequency shift efficiency.
We consider an electrical sawtooth wave with frequency fgr aiming to impart
an optical frequency shift of Aw = fgr to the input CW wave. The primary
figure merit we care about is the shift efficiency (¢) into the target frequency
bin as a function of fgr. As ¢(t) is periodic, the transmitted wave Ep(t) =
Aed@te() i also periodic with period 1/ fg7. Thus the frequency spectrum
of the transmitted field is discrete ,

IFEr)* = > And(w+2mnfsr)

n=—inf

where F is the Fourier transform operation. As the goal is to frequency shift
into the n=1 bin, the efficiency can be trivially defined as

e=A1/> A,

Thus through this set of equations, the shift efficiency can be easily computed
from a modeled ¢(t).

In terms of modelling ¢(t) we used a three step process. First ¢(t) was
assumed to be an ideal sawtooth wave with amplitude 27 and frequency fsr
(10 GHz in this initial example), and from this || F(E7(t))||*> and the efficiency
e of the frequency shift are computed (Supplementary Fig. 8a). This is the
”ideal” case and a shift of unity efficiency is expected. After this, we incor-
porate the effect of the digital emulation of the electrical waveform, namely
temporal discretization. We temporally discretize the sawtooth wave at a sam-
pling rate of fawe ~ 100GSa/s With this we can recompute || F(Er(t))|?
and the efficiency €, and observe that although there is some penalty to effi-
ciency due to this discretization, the sampling rate is high compared to fsr
so this penalty is not particularly significant (Supplementary Fig. 8b).

Finally we want to model the effect of our system’s finite analog band-
width on ¢(t) and the serrodyne efficiency. To do so we apply a filter function
Hoyserr(f) to ¢(t) where Hgys erp(f) is the effective transfer filter function
of the system. Determining an effective Hyys err(f) is somewhat challenging,
as although the overall system function Hy, is fairly simple to measure with
standard laboratory equipment, the AWG’s ability to perform pre-emphasis
to partially eliminate distortions from this transfer function makes it more
challenging to provide an effective Hyys ers(f). As discussed previously, the
actual transfer function of the system H,,; includes a gradual decrease in
transmission efficiency versus frequency due to a combination of variations in
the passband of the amplifier as well as increased cable attenuation at higher
frequencies. In addition to this, H,,s has a much steeper cutoff at 34 GHz
due to cutoff of the amplifier’s bandwidth (Supplementary Fig. 5). In order
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Supplementary Fig. 4 Serrodyne Modeling. Applied phase vs time (left) and corre-
sponding optical frequency spectrum (right) for three different serrodyne models: (a) ideal,
(b) temporally discrete, and (c) low pass filtered. The introduction of a finite analog band-
width and a corresponding filter function induces a significant penalty in the achieved shift
efficiency

to provide a simple model for Hgysof¢ , we assume that pre-emphasis on the
AWG is able to effectively pre-compensate the small variations below 30 GHz
and only fails to compensate for the steeper rolloff form the amplifier beyond
34 GHz. Thus we approximate Hgysrr(f) as be a type II Chebyshev filter
whose frequency cutoff and order are set such that the rolloff matches the
measured system rolloff accurately (Supplementary Fig. 5). A type II Cheby-
shev filter is used due to the combination of steepness in response at the cutoff
frequency, to accurately mimic the measured steep cutoff, and flatness in the
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passband to mimic ideal pre-compensation in the passband. We observe that
the application of Hgys ers(f) to ¢(t) leads to a significant distortion leading
to a significant degradation in €, thus indicating this is the most significant
practical penalty in the system (Supplementary Fig. 8c).
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Supplementary Fig. 5 Amplifier Fitting. Measured transmission versus frequency of
the system and corresponding filter used as a numerical approximation.

1.2.2 Serrodyne Performance

Using this model, we extract the shift efficiency € as a function of optical shift
frequency Aw = fsr (Supplementary Fig. 6). We observe we accurately match
our measured serrodyne efficiencies (see main text Fig 4d). This both verifies
the integrity of our model and indicates that in practice the analog bandwidth
of the overall system, which is limited by the bandwidth of the broadband
power amplifier, is the main limitation in the overall serrodyne efficiency.

To understand how much improvement can be expected via serrodyning
with state-of-the-art high-speed electronics, we use our validated model to
estimate the efficiencies achievable with serrodyning with fawe = 250GSa/s
and an analog bandwidth of 100 GHz [1, 2]. We observe even more significant
improvements in the realized efficiencies are achievable, with shifts of efficiency
greater than 50% possible up to 30 GHz and greater than 90 % up to 10 GHz
. This demonstrates that electro-optic frequency serrodyning is a promising
technique for overcoming the inhomogenous distribution of solid-state emitters.

1.2.3 Precision and Phase Noise of Electro-Optic Frequency
Shifting

The precision and associated infidelity of electro-optic frequency shifting is
ultimately set by the temporal jitter (or alternatively the phase noise) asso-
ciated with the electrical drive signal. One way to quantify the effect is to
evaluate the effective nominal linewidth of the AWG generated electrical wave-
form which is determined by its phase noise, which can then be considered in
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Supplementary Fig. 6 Serrodyne Efficiency Calculation. Computed achievable ser-
rodyne frequency shift efficiency as a function of shift amount for 35GHz and 100GHz analog
bandwidths.

the frequency domain to be convolved with the optical linewdith thereby intro-
ducing noise and setting a maximum frequency resolution. Given the AWG’s
specified phase noise of S, = —95dBc¢/Hz at 10kHz offset (Keysight M8196),
assuming a flat noise spectrum up to 10kHz we can estimate the rms frequency

noise of Vyms = 1/ f Sydv = 17Hz. This is orders of magnitude below the typ-

ical linewidths of solid-state emitters which is typically on the order of MHz,
and thus not a significant infidelity. In addition, this could be further improved
through use of a lower-jitter oscillator by the AWG.

1.3 Power Dissipation of Electro-Optic Shifting

One technical point of concern with electro-optic shifting is the amount of
power dissipated on chip with the different methods for shifting. Too much
dissipation can limit deployment of these techniques for a large number of
memories or in a cryogenic environments.

For serrodyning, the power consumption can be fairly easily calculated as
the modulator is terminated in a 50 2 load. Thus the average power con-

sumption is given by Psepp = ﬁ OTST v(t)?/50Q2 where Tst = 1/fsr is the
period of the sawtooth wave and the voltage across the modulator is given by
v(t) = Vg - ¢(t)/m. Evaluating this integral for ¢(t) = 27 (t/Tsr — 1/2) (one

period of a sawtooth wave) we arrive at :

. As this is total power consumption, power dissipation is given by the pro-
portion of this power which is lost when transmitted across the modulator’s
electrodes. While doing an exact calculation for this will be electrode and fre-
quency dependent, due to the relatively high loss of the modulator’s electrodes
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particularly at high frequencies, a large proportion of the incident power will
likely be absorbed. Thus for purposes of an upper bound, we can assume the
on-chip dissipated power is equivalent to Pse.-. For the modulator demon-
strated in this work, V; ~ 1.75V giving a total power consumption of ~20
mW. We note this is likely a pessimistic estimate, particularly at smaller fgp.

For shearing, although peak to peak voltages much greater than V, are
required, the narrow-band and relatively low frequency nature of the electri-
cal waveform ensures that the modulator electrode can be used in a lumped
element configuration, significantly decreasing the power dissipation. To calcu-
late this dissipation, We model the modulator as a lumped element R-C circuit
with resistance R,,oq and capacitance C,,oq. In the limit where the frequency
of the applied bias fspear << RmodCmod/(27) the power dissipated across the
resistance R,,0q is given by

Pshear = Rmod . (271— . fshearCmOdVRMS)2

. For the shearing demonstration in this work, R0q = 5, fshear = 250
MHz, Cy0q = 2pF (based on modeling of the measured electrode parameters),
Vryms =~ 35V so we obtain Pspeq,r =~ 60 mW.

1.4 Segmented Electrode Parameters

In order to perform electro-optic frequency conversion, it is important that
the electro-optic response of the modulator is maximized at larger frequen-
cies, particularly for shearing. In our previous work [3], our modulator utilizing
a standard co-planar waveguide design had a significant initial rolloff in EO
response due to a large impedance mismatch, as the center trace had to be
made small in order to match the RF index to the group velocity of the waveg-
uide (/2 2.4). To overcome this, we chose to utilize segmented electrodes for our
modulator. These segmented electrodes increase the microwave index, allow-
ing us to better match the microwave index with the waveguide index (with
the addition of a thicker buried oxide of 7 pm). In addition, this new design
has the additional benefit of significantly decreased RF loss due to the break-
ing of the inner conductor current path (see Table 1). These factors combine
to enable an enhanced EO response.

Regular Segmented
Impedance () 36 40
RF Loss (dBecm 'GHz !/2) 1.31 0.73
RF Index 2.41 2.4

Supplementary Table 1 Modulator electrode parameters for our previous work [3]
and this work
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Supplementary Fig. 7 Simulated electro-optic response as a function of frequency
for regular and segmented electrode modulator, demonstrating a significantly improved
rolloff for the segmented design.

2 System Considerations

2.1 Photonic Integrated Circuit Schematic and
Explanation of Requirements

A technical diagram of our proposed TFLN architecture is shown in Supple-
mentary Fig. 8. An input CW laser light is first transmitted through a laser
control unit (LCU) that is used to generate and shape the temporal and spec-
tral profile of the optical pulse that control the quantum memory (QM). LCU
consists of an amplitude modulator (AM) that carves the optical pulse out
of CW light, and a phase modulator (PM) that enables frequency shifting of
a common seed laser light to address different, inhomogeneously broadened,
QMs. Next, optical pulse is transmitted to the QM , and spin-photon entan-
glement is generated through one of many schemes [4-6]. The spin-entangled
photon is then passed through a Multiplexing Unit (MU) that consists of a
PM, switch network, fiber couplers and on-chip photodetectors. PM is used to
shift its frequency of spin-entangled photon to a common frequency shared by
all of the individual quantum memories within a given memory node, thereby
overcoming the inhomogeneous distribution challenge [7, 8]. The common-
frequency photons are routed using a switch network either to an on-chip
photon detector [9] to enable high-efficiency on-chip heralded entanglement
between memories within the same node, or an output coupler so that photons
from different memories can be efficiently multiplexed across the wider fiber
network.

Note that we assume the use of nonlinear-optic based quantum frequency
conversion (QFC) outside of the TFLN PIC to convert entangled photons from
visible to telecom wavelength to enable transmission across long-distances of
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fiber. Although in the future the integration of periodically poled lithium nio-
bate (PPLN) could potentially enable nonlinear optical frequency conversion
directly on the PIC [10], for the purposes of this work we assume it is per-
formed separately from the PIC using commercially available conventional
PPLN waveguides realized in bulk crystals. The reason for this is that bulk
QFC systems have already demonstrated impressive performances sufficient to
realize large-scale quantum networks [11, 12]. Furthermore, in the architecture
proposed in this work, multiplexing is performed at visible wavelengths and
therefore only a single QFC stage is required per fiber channel (as opposed
to the 1000s of memories and switch elements required per fiber channel).
Although the integration of thin film PPLN could enhance the performance
and versatility of our platform, it may not be required to realize large-scale
quantum networks proposed in this work.

AM PM
PM Switch
Q Mem (to SNSPD/Coupler)
SNSPD

LCU GC

Coupler

Supplementary Fig. 8 Schematic of LNOI multiplexed quantum node.

2.2 Quantum Memory Compatibility

The main limitation for compatibility of various color center memories with
our platform is their photon emission wavelength. Due to the broadband
nature of our platform, with no resonant devices used, visible TFLN PICs can
be used across a wide wavelength range with only some small adjustments
required in waveguide geometry and potentially coupler geometry. We note
that in this work we have demonstrated device operation down to wavelengths
of 600nm (limited by measurement equipment) although other works have
shown device operation at lower wavelengths such as 450nm [13]. This require-
ment of wavelength greater than 600nm, but less than 1100nm (preventing use
of conventional silicon photonics) includes a significant portion of promising
quantum memory platforms, with a non-exhaustive list included in Table 2.

In terms of other requirements for compatibility, the second main one is that
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the photon length must be longer than the rise-time of the switches, otherwise
they can not be maximally multiplexed to eliminate any dead time on the
channel. We note that of the quantum memories listed in Table 2, the shortest
lifetimes are of the solid-state emitters which have lifetimes on the order of
ns [14, 15], which is significantly longer than the 100ps pulses demonstrated
in this work. Thus our platform is fast enough to ensure compatibility with
a large variety of candidate quantum memory platforms, including quantum
dots, color centers, and trapped ions.

Quantum Memory Type Wavelength  Ref
SiV in Diamond Color Center 737nm 14
NV in Diamond Color Center 637nm 14
GeV in Diamond Color Center 602nm 14
SnV in Diamond Color Center 620nm 14

Vg, in SiC Color Center 862-917nm 16
Y3+ in YVO Ton 984.5nm 17
0CaT Ton 850nm 18
87Rb Atom 780nm 19
InGaAs Quantum Dot 940nm 20
GaAs Quantum Dot 850nm 21

Supplementary Table 2 Selection of quantum memories compatible with our
visible TFLIN platform. The list is non-exhaustive.

2.3 Electro-Optic Bias Stability of Thin Film Lithium
Niobate

Drift in the operational bias point of lithium niobate modulators is a known
issue in both bulk and thin film lithium niobate platforms whereby the bias
point of a modulator will drift on slow timescales once an electrical bias is
applied [22, 23]. This effect can be understood in the frequency domain as
a rolloff in the electro-optic response of the modulator at low frequencies,
effectively low-pass filtering the output and thereby leading to long timescale
drifts in the operational point of the modulator. While a full discussion of the
microscopic origin of this effect is beyond the scope of this work, recent works
have shown the ability to minimize the effect of low frequency rolloff through
optimization of the device and processing conditions [22, 24].

For purposes of the PIC platform presented in this platform, it is important
to minimize the bias point drift so that the modulators can be biased purely
using electronics. This is required since the alternative, thermal biasing, is
prohibitive for operation in cryogenic environments. Thus it is important that
this bias drift is minimized in our devices. To achieve this, we optimize the
bias drift in our devices through A) placing the bias electrodes directly on
the LN and B) applying a low temperature (300 C) overnight anneal in an
ambient environment after patterning the electrodes [22, 24]. This increases
the timescale of bias drifts to the order of seconds or beyond. At these time
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scales, electrical feedback can be implemented to effectively lock the bias of
the modulator to a given operating point.

To demonstrate the feasibility of electrical locking the bias point of the
modulator, we electrically locked our TFLN amplitude modulator at the
null point when generating pulses for shearing (see Fig. 5d). To do this, we
applied a small sinusoidal dither on the modulator via a bias-tee network,
and tapped off a small portion of the optical signal transmitted through the
modulator and detected it on a photodetector. This photodetector was then
demultiplexed at the dither frequency via a lock-in amplifier to provide an
error signal for locking. This error signal was digitized via an analog-digital
converter and read in to a program running on a host PC which implemented
a basic PID loop to stabilize the error signal. We emphasize that the PID
loop is implemented in software with a slow update loop (ms timescales), thus
highlighting the simplicity of the approach. This feedback loop successfully
prevented drift of the modulator bias for the duration of the experiment (1
day) and enabled the data shown in Fig. 5d.

We believe that this feedback approach is scalable to ensure optimal bias sta-
bility of larger PICs and specifically larger switch networks. In order to inject
and pick off feedback signal for each modulator, low loss waveguide taps can
be used, and potentially multiple sets of modulators can share a single tap
through multiplexing of different dither frequencies, thereby minimizing the
number of taps needed. On the electronics side, the relatively slow nature of
the feedback loop ensures it can be effectively implemented using inexpensive
microcontrollers, enabling easy scalability. The final practical challenge in
implementation of feedback is co-existence of the feedback signal with the
single photon signal for generating entanglement. This can be implemented
either through implementing feedback at a detuned wavelength which can
be filtered before the single photon detectors, or via intermittently pausing
entanglement generation to allow for injection of a feedback signal. We note
that both techniques are already readily implemented in state-of-the-art
quantum networking experiments to lock various components (see [12]) and
thus is not technically prohibitive.

2.3.1 Effect of Bias-Drift on PIC Operation

Two elements are affected by bias drift in our proposed PIC architecture -
the amplitude modulator in the LCU, and the switches in the switch network.
For the former, bias drifts will limit the effective extinction ratio achievable
when pulse shaping with the modulator. The sensitivity of the protocol to
this extinction ratio is very protocol-dependent. For the switch network, bias
drifts will lead to imperfect switching whereby instead of only routing pho-
tons to a single port, the switch will partially route photons to the alternative
point. We note the effect of this is an additional inefficiency in the switch as
opposed to an impact on the overall fidelity of the operation, thus ensuring a
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larger tolerance to bias drifts in the switch network.

2.3.2 Photorefractive Effects

One concern with short-wavelength LN modulators is photorefractive effects
that can occur at mW power levels [13]. However, the optical power required
to control and read out solid-state quantum emitters is orders of magnitude
smaller, in the uW range and single photon range, respectively, and therefore
we do not anticipate issues with the photorefractive effect.

2.4 Power Consumption and Dissipation of Switching

One major component of the power consumption and dissipation of the system
is that of the switching elements. As the switches are capacitively loaded (not
50 Q terminated) they can be modeled as an RC' network where Ry, is given
by the total resistance of network, given by the sum of the source and system
resistance 75y, and the device resistance R, and the capacitance is given by
the device capacitance. The dynamic power consumption is given by P.,,s =
fCV?2: assuming a switching frequency f and with a voltage V = Vj of the
switch. The actual dynamic power dissipated on chip is given by Pyiss =
Rew/Riot + Peons, as it is a simple resistive power divider between the system
and switch resistances.

For the switch presented in the main text, we estimate C' = 1pF, given by
estimation of the distributed capacitance using the measured transmission line
parameters and telegrapher’s equations, and Ry, = 5Q. Assuming R,,s = 502
and given the measured V; = 1.5V we estimate a dynamic power consumption
of =~ 200uW and an on chip power dissipation of ~ 20uW for a switching
frequency of f = 100 MHz.

This can likely be substantially improved through only minor modifications
to the geometry. First, the geometry can be shrunk to 1mm. Although this
will increase V) = 7.5V, we estimate a decreased R.,, = 102 and C' = 0.2pF.
Moreover, we can artificially increase the system resistance Ry, so that a larger
proportion of power consumption is dissipiated at the system as opposed to
on-chip. This is important for thermal management of the chip, particularly in
cryogenic environments. The cost of increasing Ry, is the maximum frequency
response of the system decreases as it is set by the RC time constant R;ot - C,
but since only a moderate switching frequency of 100 MHz or so is desired,
R0t can be increased significantly without a performance penalty. Thus we
assume R,ys = 5k€). This optimized set of parameters enables an on-chip
power power dissipation of ~ 0.2uW. We note that the estimated total power
consumption (as opposed to on-chip dissipation) of this optimized geometry
actually increased to ~ 1 mW primarily due to the larger V! due to the
shorter length. This thus indicates a partial trade-off between in the switch
performance between total power consumption, on-chip power dissipation, and
footprint that has to be evaluated on a system by system basis.
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We also note that the on-chip power dissipation, and likely the total power
consumption of the switches are considerably smaller than the power con-
sumption needed for electro-optic frequency shifting (see Section 1.3) and thus
that will ultimately dominate the on-chip power dissipation for any full-scale
realization of our system. If further improvements to power dissipation are
required, the integration of superconducting electrodes in the modulator could
potentially improve this further.

2.5 Co-packaging PIC with Quantum Memories

Heterogeneous integration of a quantum memory module with an active PIC
(in this case TFLN) has often been considered as a solution to integrate active
switching functionality into a passive quantum memory platform such as dia-
mond. Although there have been a variety of works showing capabilities to
achieve this and the advantage of this approach is clear, namely minimizing
the net insertion loss at the quantum memory - active photonics interface, this
direct integration approach has numerous practical problems. These practical
issues generally stem from the fact that the quantum memories have strin-
gent cryogenic requirements, with state-of-the art quantum memories needed
to operate at 1K or even below to achieve good coherence properties. This
cryogenic requirement is largely not compatible with the thermal and size
requirements of the PIC. More specifically:

1. Power dissipation of switching is not insignificant. We estimate our cur-
rent switches dissipate 20 uW of power. For ~1000s of memories and thus
switches required to maximize a quantum link’s entanglement rate (see 2.6),
that corresponds to 10s mW of dissipated power, which is a similar order of
magnitude to the cooling power of 4K systems. In addition, the implemen-
tation of electro-optic frequency shifting will lead to the dissipation of 10s
of mW of power per memory, indicating that cooling power on the order of
W is required. In addition, these estimates do not include resistive heating
via the cabling which likely will be significant.

2. Electrical control of the switches requires extensive electrical wiring. Assum-
ing complete independent control of each modulator is required to achieve
the desired multiplexing and local operation scheme, each modulator
requires an independent control line. As a full PIC will likely need to include
1000s of modulators in order to achieve optimal temporal multiplexing, this
requires 1000s of electrical wires. The heat conductivity of wires is large,
and thus adding wiring from the PIC at the base of the cryostat to a con-
troller in the external ambient environment could easily lead to a prohibitive
heat load. Potentially integration of the CMOS controller within the cryo-
stat either at the base plate or a higher temperature stage could solve this,
though cryogenic compatible CMOS technology is still at early stages.

3. The footprint of the modulators is comparatively large, with lengths on
the order of -mm to even -cm, and lateral density of 100s of pm limited
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by optical and electrical cross-talk. Thus the total space in the cryostat
occupied by these switches is quite large.

In contrast, 2D fiber arrays with pitches down to 82 um are commercially
available. Thus a more practical alternative could be to utilize high-density
optical packaging and leave the active PIC outside of the cryostat. In par-
ticular, in architectures which coupling loss can be rolled into total channel
loss between quantum nodes, dB level excess losses that might be incurred
from this massive coupling approach can be tolerated if it enables enhanced
scalability. Alternatively a hybrid solution, with limited switching in the
cryostat both in number of stages and connectivity and the rest in an
external PIC at ambient temperature, might provide a best of both worlds
solution.

2.6 Multiplexing Theory

We construct a simple model of remote entanglement generation in order to
understand the benefits of multiplexing enabled by the TFLN PIC.

Assume there are two nodes separated by a distance L each with N quan-
tum memories with a measurement station in the middle at a distance L/2
from either node. At the start of the protocol which is repeated at a clock rate
fer, each node probabilistically emits a spin-entangled photon with duration
tphoton- The photons then are sent to a middle measurement node in which
a partial (1 photon) or full (2 photon) bell state measurement occurs on the
photon(s). The successful heralded detection of 1 (2) photons indicates entan-
glement was successfully generated. The probability that a given attempt leads
to a heralded entanglement event is given by pentang

The overall entanglement rate Rentang i given by the product Reptang =
Dentang * feik- In the case of N = 1 memories per node and no multiplexing,
the maximum possible clock rate f. i is determined by the time between a
protocol attempt and determining whether that entanglement generation was
successful. This is since there is only a single memory per node, and thus
another entanglement generation attempt cannot be started as it would require
re initializing that memory and thus eliminating entanglement before it is even
generated. This temporal delay is determined by the combination of time it
takes for the photon to arrive from the two quantum memory nodes at the
central measurement node, and the time it then takes for the classical signal
to propagate back indicating whether entanglement was successfully generated
Thus we have 1/ for, n=1 = 2- % . % = g where ¢’ is the effective speed of light
in the propagation medium.

When the number of memories is increased N > 1, the clock rate can be
increased through temporal multiplexing of memories on the channel. After a
photon is entangled with one memory and sent and the node is waiting for the
result, an entanglement attempt can be performed with the second memory,
and so on until all of the memories at a given node have been utilized and
are waiting for their respective results. Thus although the delay time between
entanglement attempt and determining whether it was successful is still the
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same (%), the effective clock rate is increased by the number of memories n:
1/ fete, N=n = ﬁ The limit of temporal multiplexing is ultimately set by the
temporal-length of the spin-entangled photon, as only one photon can exist
within the channel at a given time (assuming a matched polarization and
frequency). This thus sets the maximum clock rate 1/ feik maz = tphoton-

Dentang can be broken down into the product of four individual probabili-
ties: Pphoton: the probability a spin-entangled photon is generated and coupled
into Single mode fiber (pphoton = Pphoton,gen * pphotonﬁfibe'r)u PPIC—> fiber the
probability the photon is transmitted through the PIC into the output fiber,
Priver Which is the probability the photon is successfully transmitted across
the fiber channel (including the efficiency of frequency conversion from vis-
ible to telecom Wavelengths - DPfiber = Dvis—telecom ° pfiber,T)7 and Pprotocol
which encompasses the probability of entanglement success due to the prob-
abilistic nature of heralded entanglement generation itself. We then see the
overall entanglement success probability is pentang = (Pphoton - PPIC—> fiver -
pfibe,,)”fd’wf“" “ Pprotocol Where nppoton is the number of photons required to be
detected to herald entanglement which is protocol dependent.

PPIC—>fiber depends on the exact architecture and independent device
losses of the PIC and most notably will increase with larger number of mem-
ories N as a larger switch network is required to multiplex a larger number
of quantum memories. Using the architecture we propose in this work (and
described in section 2.1) we determine that the full insertion loss of the PIC
is given by ILPIC =2 ILcoupling + (nswitch) ' Istitch + Ime + ILAwop . We
note that we assume that the PIC and the quantum memory bank are not co-
packaged and thus we take double the on-off chip insertion loss penalty. The
number of switches ngyiten 1S dependent on the number of memories that are
multiplexed: ngyiten = logaN + 1.

To highlight the benefits of multiplexing we compute Repiang as a function
of N. In Table 3 we list the parameters used for this calculation. The insertion
losses for the computation of ppro_~ piper were all extracted from the mea-
surements presented in this work. The rest of the parameters assumed use of
the silicon-vacancy center in diamond where applicable.

For the comparison case of a non multiplxed quantum node, we fix N =1,
pprc = 1 and repeat the calculation. We observe that in spite of the additional
insertion losses required to implement multiplexing, the losses of the devices
in our platform are sufficiently low such that the benefits of multiplexing out-
weigh the excess losses. We thus predict over a 100x gain in entanglement rate
through multiplexing with our LNOI PIC.

Beyond the calculations in the main text, we also compute the entangle-
ment rate as a function of fiber length (Supplementary Fig 9). We observe
that for fiber lengths up to 60km, we achieve an almost three order of mag-
nitude improvement in entanglement rate with TFLN based multiplexing as
compared to the single memory case.
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Parameter Description Value Notes
L Node-Node Distance 20 km
c’ Group velocity of fiber 2-10% m/s
tphoton Photon Lifetime 50 ns [4].
Nphoton Number of Photon Event 1
Pphoton Probability of Spin-Photon | 0.493 x 0.4 Product of demon-
Generation strated spin-photon
gate efficiencies (Ref
[25]) times high u
weak coherent source.
Pprotocol Protocol success probabil- | 0.25 Protocol  probability
ity for 1-photon heralded
protocol [26]
Pphoton-;fiber Efficiency of single photon | 0.9 (-0.4dB) [27]
coupling into single mode
fiber
Pvis—s telecom Efficiency of conver- | 0.5 (-3dB) [11]
sion from visible to
telecom wavelengths
for  long-distance fiber
transmission
Pfiber, T Transmission efficiency | 0.5 (-3dB) 0.3 dB/km
through length L/2 fiber
ILcoupling Insertion loss of coupling | 0.8 (-1dB) This work
into LNOI chip
ILswitch Insertion loss of LNOI | 0.9 (-0.4dB) This work
switch
ILpm Insertion loss of LNOI | 0.85 (-0.7dB) This work
phase modulator
ILAwo, Frequency shifting | 0.9 (-0.5dB) This work
efficiency

Supplementary Table 3 Parameters used in multiplexing system calculation.

Entanglement Rate (Hz)

Length (km)

| —— TFLN Multiplexed - 1024 Memories
-—- TFLN Multiplexed - Max Memories
—— Single Memory
10 20 30 40 ‘ 60

Supplementary Fig. 9 Entanglement rate as a function of fiber length. Computed
entanglement rate between two quantum memories separated by a varying length when
TFLN based multiplexing is used either with a fixed number of memories (1024) or the
maximum number of memories which saturates the channel for a given length of fiber.
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