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Current quantum networks are largely constrained to static, point-to-point links, which lack the
scalability and resource efficiency required for distributed quantum computing, quantum sensing,
and the emerging quantum internet. A critical barrier to progress is the absence of a switching tech-
nology capable of routing fragile quantum states without inducing decoherence or distinguishability.
Here, we propose the Universal Quantum Switch architecture, a foundational building block allow-
ing non-blocking, encoding-agnostic routing of quantum information, as well as seamless modality
conversion between disparate quantum platforms. An integrated photonic prototype in thin-film
lithium niobate is developed for polarization entanglement, allowing a reconfiguration rate up to 1
GHz. We experimentally demonstrate robust electro-optic switching of arbitrary entangled states
at 1 MHz with an average fidelity of 96% and a purity of 1, which satisfies the requirement of
dynamic distributed quantum error correction between arbitrary quantum computing nodes, to the
best of our knowledge, for the first time. Complementing these experimental results, we project
the architecture’s scalability, showing dimension-independent decoherence, and provide a scalable,

interoperable building block for heterogeneous quantum network fabrics.

INTRODUCTION

Quantum networks provide a scalable framework for
interconnecting spatially separated quantum systems, en-
abling transformative applications such as distributed
quantum computing [1-4], distributed quantum sensing
[5-8], and quantum cryptography [9]. Despite signifi-
cant progress in fiber- and free-space-based quantum net-
working, most existing implementations remain limited
to static, point-to-point links between fixed node pairs
[10-16]. Such network architectures fundamentally lack
scalability and efficiency: resource requirements scale
quadratically with network size, while the probabilistic
nature of the entanglement distribution leads to poor uti-
lization and idle resources [17-21]. Transitioning toward
scalable quantum network architectures requires dynami-
cally routing quantum states across multiple nodes utiliz-
ing an integrated quantum switching platform while rig-
orously preserving quantum coherence, a capability that
remains largely unaddressed.

The primary challenge comes from the fact that exist-
ing optical switching technologies, which underpin clas-
sical networks, are inherently incompatible with modern
quantum information science from two aspects [22-24].
First, photonic qubits are highly sensitive to impairments
such as polarization drift, timing jitter, chromatic disper-
sion, and phase noise. These perturbations, introduced
during dynamic switching, collectively induce decoher-
ence, leading to the loss of quantum information [24].
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Typical mitigation approaches, based on classical prob-
ing and pre-/post-compensation (before/after the switch)
[13-16], are inherently reactive. This leads to additional
switch latency and control overhead, and does not scale
to dynamically reconfigurable networks. Second, several
quantum applications require sufficiently fast relocation
of quantum resources while preserving quantum coher-
ence. For example, in distributed quantum error correc-
tion, Bell pairs need to be distributed among arbitrary
computing nodes within each syndrome cycle time for
remote lattice surgery at no decoherence [25]. Unfortu-
nately, due to the slow reconfiguration rate, the state-
of-art optical switching technologies cannot satisfy this
requirement, leading to a significant latency between re-
mote error correction cycles.

These challenges in achieving scalable quantum net-
works are further amplified by the emerging heteroge-
neous vision of the quantum internet, where diverse
quantum platforms interoperate across different encod-
ing modalities within a unified network fabric [26, 27].
The successful distribution of quantum information relies
on interoperable interfaces converting quantum states be-
tween distinet photonic degrees of freedom [28]. Achiev-
ing this modality conversion without disrupting the un-
derlying quantum information remains a critical mile-
stone that has yet to be demonstrated.

To address these critical technical gaps, we first pro-
pose a Universal Quantum Switch (UQS) architecture
to enable on-demand, non-blocking, encoding-agnostic
switching of quantum information while preserving quan-
tum coherence. We then show a proof-of-concept demon-
stration of our architecture based on a thin-film lithium
niobate (TFLN) switch, specifically designed for polariza-
tion encoding, with a reconfiguration rate up to 1 GHz.
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FIG. 1: Architecture of the Universal Quantum Switch. (a) Schematic of the architecture: the input
quantum state converters (QSCs) enable conversion to path-encoding to ensure quantum information is routed
through two identical photonic switches. The output QSCs convert the quantum information back to the desired
output encoding modality. Both QSCs can be implemented in either an integrated or pluggable manner with an
arbitrary combination of encoding modality. (b) Simplified sketch of the 2 x 2 device for polarization encoding. (c)
TFLN photonic integrated circuit combining both QSCs and the switch matrix, respectively highlighted in green

and purple.

We experimentally demonstrate the successful switching
of arbitrary states with an average fidelity of 96% and a
purity of 1. Finally, we analyze the scaling potential of
our architecture based on the theoretical model.

RESULTS
Universal Quantum Switch Architecture

The architecture of the UQS is presented in Fig. 1. It
consists of three functional stages to decouple quantum
information from its physical carrier while ensuring flex-
ible switching and encoding reconfiguration. These three
main stages are as follows: (1) input quantum state con-
verters (QSCs), (2) a non-blocking, all-to-all-connected
photonic integrated switch, and (3) output QSCs.

The input QSCs are responsible for mapping incom-
ing quantum states from their native discrete-variable
encoding—such as polarization, time-bin, or frequency-
bin—into the path encoding used within the switch fab-
ric. These conversions can be physically implemented via
existing integrated photonics technologies, including but
not limited to polarization rotator splitters, optical mod-
ulators, and quantum frequency converters [29-34]. Fol-
lowing the modality conversion, the logical |0) and |1) are
routed to the upper and lower photonic switch modules,
respectively. The switch matrix is composed of a pair of
non-blocking, all-to-all connected switches, which are de-
signed to be indistinguishable. In this configuration, each
switching element manipulates one logical bit of the path

encoding, collectively enabling arbitrary switching while
preserving the coherence of quantum states. Following
the photonic switch modules, both logical bits interfere
at the output QSC to be encoded back into the desired
modality.

A key feature of this architecture is its reconfigura-
bility, enabling flexible interconnection between hetero-
geneous quantum modalities. Specifically, it supports
an arbitrary mapping between any input encoding and
any output encoding through an appropriate selection
of QSC modules at stages (1) and (3). This capability
of quantum state conversion is fundamental for enabling
interoperability across heterogeneous quantum systems
and represents a critical requirement for scalable quan-
tum networking. More details of the implementation of
different QSCs can be found in the Discussion.

Since the conversion of encoding modality from net-
work modality (path) to path (network modality) is inde-
pendent of quantum state at the first (second) QSC, the
UQS architecture eliminates the need for classical probes
and pre/post compensation to restore the quantum state
before the switch. Meanwhile, as the switching process
is carried out in two indistinguishable paths, quantum
coherence is preserved passively enabling high-speed op-
eration at GHz rates, which is specifically designed to
meet the rigorous time requirement in distributed error
correction.



Implementation and Validation
Device characterization

In this work, we experimentally demonstrate the con-
cept of the UQS based on a 2 x 2 TFLN photonic inte-
grated circuit (PIC). The 2 x 2 photonic switch serves as
the fundamental building unit for high-dimensional inte-
grated quantum switches [3, 35-39]. By demonstrating
quantum-coherence-preserving switching of this building
block, we establish the viability of scaling this architec-
ture to arbitrary N dimensional quantum switch fabrics.
The PIC architecture follows the switch architecture ex-
plained in the previous section. As shown in Fig. 1b and
¢, the PIC utilizes QSCs, highlighted in green boxes, for
polarization encoding at its input (polarization to path)
and output (path to polarization), as well as two 2 x 2
integrated photonic switches marked in purple. We focus
on switching polarization-encoded photons, as polariza-
tion is the most challenging degree of freedom to maintain
loss and phase symmetry in PICs, to rigorously test the
robustness of our architecture [3, 35-39].

In this design, QSCs are implemented using polar-
ization rotator-splitters (PRSs) that route horizontally
(|H)) and vertically (|V)) polarized photons to two nomi-
nally identical Mach-Zehnder interferometers (MZIs). As
shown in Fig. 1b and ¢, each MZI integrates two modula-
tors: thermo-optic (TO) and electro-optic (EO) modula-
tors. The EO modulator has a length of 10 mm and the
TO modulator has a length of 2.2 mm. Slow switching (<
5 kHz) can be implemented via TO modulators while fast
switching (< 1 GHz) is implemented by EO modulators.
To ensure optimal performance during EO modulation,
TO modulators are also used to establish and maintain
the quadrature bias point. This dual-actuation strat-
egy offers several advantages: it decouples the DC bias
control from high-speed electrodes, simplifies the charac-
terization process, and improves long-term stability by
mitigating the effects of DC bias drift commonly asso-
ciated with EO materials [40, 41]. The performance of
each TO modulator is characterized by injecting a pure
polarization state aligned with its corresponding channel.
As shown in Fig. 2a, the measured transfer characteris-
tics exhibit a half-wave power P, of ~ 67.9 mW and
~ 65.5 mW for TO modulators on two MZIs, respec-
tively.

The measured spectral response of polarization extinc-
tion ratio (PER) and MZI ER is shown in Fig. 2b. Within
the spectrum of interest, most MZI ERs are higher than
30 dB with an average MZI ER of 33.72 dB for output
1 and 32.93 dB for output 2, with a variation of 1.00
dB and 1.63 dB, respectively, over the 20 nm bandwidth.
The PERs are measured at 26.30 dB and 26.95 dB respec-
tively with a variation of 2.60 dB and 3.84 dB over the
bandwidth. We observe a strong difference, over 9 dB,
in PER, which might be the result of imperfect interfer-
ence at PRS. The polarization-dependent loss (PDL) of
each path (including two PRSs), as well as the insertion

loss (IL) of the chip are summarized in Fig. 2c. Over
the entire measured spectrum, the IL has an average IL
for output 1 of 5.35 dB with a variation of 0.08 dB, and
an average IL for output 2 of 5.30 dB with a variation
of 0.22 dB. Since the UQS is edge coupled with a fiber
array, the coupling efficiency is also slightly different for
all ports. The IL of the edge couplers is measured to be
~1.87 dB per facet, in agreement with the design speci-
fication of ~ 2 dB per facet [42]. Thus, the entire device
loss excluding the coupling loss is 1.51 dB for output 1
and 1.43 dB for output 2. The average PDL for two
PRSs for output 1 is 3.40 dB (variation of 0.14 dB over
20 nm) while the average PDL for two PRSs for output 2
is 2.93 dB (variation of 0.14 dB over 20 nm) , which con-
tribute to the majority of infidelity of current UQS. In
order to overcome this imperfection, we pre-balance the
entanglement source in the tomography measurements,
shown in the next section, so that the |V') has more am-
plitude than |H). Both these classical data aligns with
current state-of-the-art performance [43-46]. It is also
worth noting that, although our device is optimized for
part of the C band (1540 nm to 1560 nm), a broadband
design can cover the entire C band as reported in previ-
ous demonstrations [43].

For fast switching, EO modulators are driven by RF
waveforms to dynamically route the input light between
two output ports over time. We characterize the EO
switch half-wave voltage V, performance at 1 GHz as
shown in Fig. 2d. The amplitude of the sinusoidal wave-
form at 1 GHz is adjusted until the maximal transmis-
sion is achieved, and the peak-to-peak voltages of the
sine waves at the switch output ports are measured. As
such, the half-wave voltage V; on the function generator,
which is fed to the RF probe, is measured to be ~ 2.5 V
at a 1 GHz frequency. Following the same strategy, the
V. at 1 MHz is measured to be ~1.2 V, which is used in
the dynamic switching measurement shown in the next
section. More details of the electronic control and inter-
faces used for driving both TO and EO modulators are
explained in the Methods section.

Dynamic switching of arbitrary entangled states

To benchmark the UQS performance for switching
quantum photonic states, we perform quantum state to-
mography of a polarization-encoded Bell state before and
after one photon traverses the UQS to show the preser-
vation of quantum information. A simplified version of
the experimental setup is shown in Fig. 3a. Polarization-
entangled photon pairs are generated using a fiber-based
Sagnac interferometer containing an AlGaAs microring
resonator, which produces correlated pairs via sponta-
neous four-wave mixing [47]. Details of the entangled
photon source are provided in the Methods section. The
signal photon is routed through the UQS, while the idler
photon proceeds directly to the quantum state tomogra-
phy system (see Methods).
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FIG. 2: Classical characterization of the device (a) Normalized optical power when varying the driving
voltage of TO phase shifters to characterize the half-wave power (P;) and ER of MZI. (b) Extinction ratio (ER)
and polarization extinction ratio (PER), and (c) insertion loss (IL) and polarization-dependent loss (PDL), as a
function of wavelength, demonstrating broadband operation across the telecom C-band. (d) Fast switching between
two output ports is achieved by driving the EO modulation with a 1 GHz sinusoidal signal to determine the optimal
half-wave voltage. All results are taken for first input port of device.

Since an ideal UQS can be considered as an identity
operator I on polarization entangled states, it can per-
form dynamic switching for entangled states with arbi-
trary phases. To experimentally verify this, we first pre-
pare the |®~) state at the source and connect the source
to UQS with a 10 meter long SMF without polarization
control. Due to the polarization drifts in the fiber, the
polarization basis of the state is not co-aligned with the
basis of TFLN chip (|H) — |TE),|V) — |TM)), where
TE and TM represent the fundamental transverse electric
and transverse magnetic modes of the TFLN PIC. Thus,
our system mimics a three-node entanglement distribu-
tion network without polarization tracking and compen-
sation. The dynamic switching of entangled states with-
out decoherence in such a system has not been demon-
strated yet.

By controlling the EO modulators at 1 MHz, we route
the |®7) state between two switch outputs. Even though
our device can support up to 1 GHz reconfiguration
rate, experimental demonstration at 1 MHz is specifi-
cally chosen to match the typical syndrome cycle time
of superconducting qubits [48]. Therefore, the success-
ful demonstration of dynamic switching of arbitrary en-
tangled states at 1 MHz can already satisfy all existing
distributed error correction time requirement. The to-
mography results for each switch matrix configuration
are summarized in Table I and shown in Figure 3b. For

all connections, the reconstructed density matrices ex-
hibit an average purity (Tr(p2,,)) of 1 and an average
Uhlmann fidelity to the input state, F(pin, pout) = 96%.
The results are mainly limited by the driving electronics.
One major noise from the switch comes from the phase
noise between two paths. To ensure both switch matri-
ces are indistinguishable, one TO phase shifter is added
before each output QSC for phase matching purpose. In
the current demonstration, we observe that both phases
at output 1 and 2 need to be adjusted to achieve con-
structive interference, and the phase noise induced by
power fluctuations in the TO phase shifter is observed at
0.04 rad. Another major noise induced by electronics is
the temporal distortion of switch response, which can be
found in Fig. 3c-e. The classical transmission response
of UQS driven by two rectangular pulses with an ampli-
tude of 1 V and a 50% duty cycle can be found in Fig. 3
¢, which shows no distortion. However, as shown in the
joint temporal intensity (JTI) measurement and its diag-
onal profile in Fig. 3d-e, a distorted response is observed
with a measured ER of 25.0 & 0.6 dB, which is about
one order lower than the static ER measured in Fig. 2b.
This is the result of two major challenges in driving elec-
tronics. First, the ER of EO switch is a function of both
V, and TO bias control. We observe continuous TO bias
drifting. Within a typical data collection time of 10 mins,
this drift induced phase shift of the bias is ~ 0.36 rad,
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FIG. 3: Quantum characterization of the UQS (a) Simplified sketch of the experimental setup: an entangled
photon source produces polarization-entangled photons at 1551.72 nm (signal) and 1564.68 nm (idler). The signal

photon is routed through the UQS. After the PIC, both photons are sent to the polarization tomography system.
(b) Quantum state tomography (QST): reconstructed density matrix for the switch output pout. A fidelity

F(pin, pout) = 0.99 is obtained with purity Tr(p?,,) = 1. (c) Classical response of the switch when driving the EO
modulator with a rectangular pulse at 1 MHz. The gated section used for QST is shown in the shaded region. (d)
Joint temporal intensity (JTI) at output 1 during dynamic switching, showing the temporal routing of photon pairs

between the two output ports. The data is collected for 10 minutes. (e) Diagonal profile of the measured JTT,

showing the switching dynamics and the extracted extinction ratio between the on (gate open) and off states (gate

closed).
Connection (input-output) [T (paus) | F (Pin, Pout) ing/falling edge. We observe that the measured settling
I=1 1 0.99 time for the rising/falling edge is ~ 81.5 ns for each cy-
1—2 1 0.99 cle, and thus for quantum state tomography, a 400 ns
g:; 1 83; gated time window (with margin) is used during each
: data collection. More details can be found in the Meth-

TABLE I: Dynamic benchmarking results. The
purity of the reconstructed density matrix Tr(p?,,) and
its fidelity (F(pout, pin)) to the input state pi, (see
Methods).

resulting in a distorted quantum response. Second, even
though the electrical paths to both EO modulators are
matched both on- and off-chip, we still observe a phase
mismatch (~ 0.07 rad) between two EO control signals
when we maximize the ER. Due to the drift in TO bias
and no active feedback loop on TO bias control is imple-
mented, the calibration process for this phase mismatch
may not be optimal, and thus lead to possible leakage
between channels. Therefore, we expect an improved fi-
delity and purity of entangled state with a well designed
printed circuit board and optically packaged chip.

Besides the decoherence, imperfect electronic control
interface also results in a narrower gated window. The
function generator for EO modulation has a typical rise
time ~ 4 ns for square wave signals with a sharp ris-

ods section.

DISCUSSION

We propose a Universal Quantum Switch architec-
ture that allows dynamic switching of arbitrary quan-
tum states and encoding modality conversion without
decoherence. Based on integrated TFLN chips specifi-
cally designed for polarization encoding, we demonstrate
1 MHz robust switching of arbitrary states with an av-
erage Uhlmann fidelity of 96% and a purity of 1. To
the best of our knowledge, this is the first experimental
demonstration of routing arbitrary entangled states at
MHz rate without sacrificing quantum coherence.

In principle, the scalability of high-dimensional quan-
tum switches is constrained by the accumulation of deco-
herence as the switch dimension N increases. To quantify
this, we utilize a theoretical model based on the weighted
Pauli channel, which generalizes the standard depolar-
ization channel to account for the specific noise contri-
butions of various integrated photonic components (see



Methods for details). We find that the decoherence is
mostly dimension independent, indicating a high level of
scalability.

The primary source of decoherence comes from the
limited performance in QSCs. In this context, the
noise arises from the limited polarization extinction ratio
(PER) and polarization dependent loss (PDL) of the in-
tegrated PRSs. However, in our architecture, the number
of QSCs for each photon is independent of the depth of
the switching network. Consequently, the finite PER and
PDL inherent to the PRS introduce noise that remains
independent of the dimension of the switch N. Further-
more, high performance is practical in the near term. As
illustrated in Fig. 4, maintaining a target fidelity > 99%
requires a PDL less than 0.64 dB per PRS (Fig.4a) and
a PER greater than 26.55 dB (Fig. 4b). As shown in
Fig. 2b and c, part of the PER data already satisfy this
requirement but the uniformity needs to be improved.
Even though the PDL is still far from the theoretical tar-
get, these requirements are well within the performance
benchmarks of recently reported designs [46]. The ER of
the MZI also contributes to decoherence but in a negli-
gible way. With a measured ER of 33.33 dB, the state
fidelity can remain above 99.4% even for a N = 1024
switch, and with a projected ER at 35 dB, this fidelity
can be improved to be above 99.7 %. Therefore, the fi-
delity only drops slightly with an increasing N.

Maintaining path indistinguishability between arbi-
trary QSCs is essential for quantum-coherence preserv-
ing operation. In our current demonstration, we observe
that the phase difference between arbitrary QSCs re-
mains constant. Thus, the constructive interference be-
tween the logical |0) and |1) can be effectively guaranteed
using static phase shifters. For a high-dimensional UQS,
a look-up table to static phase shifters before the output
QSC needs to be developed. Since each photon only trav-
els through one phase shifter, the decoherence induced
by phase noise does not increase with the dimension N.
Regarding the path length symmetry, the propagation
delay for logical |0) and |1) is precisely matched by the
waveguide design. Consequently, no temporal walk-off is
observed between these states, leading to high interfer-
ence visibility. Therefore, the decoherence of the UQS
can be considered as dimension independent.

Beyond decoherence, insertion loss represents a ma-
jor bottleneck for high-dimensional photonic switches
[21, 39, 49]. In a standard Benes topology, the num-
ber of MZIs traversed by each photon scales as 2log, IV,
resulting in substantial throughput loss as N becomes
large. In our current demonstration, the TFLN waveg-
uides exhibit an insertion loss ~ 0.3 dB per MZI, leading
to ~ 9.87 dB loss for a N = 1024 switch. However, this
can be significantly mitigated via advances in material,
photonics design and coupling technology. Indeed, by
adopting TFLN platforms with a propagation loss of 1
dB/m and a low loss design of multimode interference
couplers [50, 51], the waveguide-related loss can be re-
duced to 7 dB (see Fig. 4c). Furthermore, while our cur-
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current chip. A low loss (< 1 dB) design can be
implemented to reduce the IL floor to 2 dB.

rent edge couplers impose a 3.74 dB loss floor (1.87 dB
per facet), emerging designs enable coupling losses below
1 dB per facet with a PDL of 0.2 dB [42]. Therefore,
leveraging these recent experimental demonstrations, a
projected device loss of 5 dB, with N = 1024, is within
reach with existing fabrication capabilities.

The current device is designed to be reconfigured at a
rate of < 1 GHz, mainly because this rate can already
satisfy the execution of most distributed quantum error
correction algorithms in all existing quantum computing
platforms [21, 25, 48, 52-54]. However, it is worth not-
ing that the EO modulators on TFLN can be operated
at rates exceeding 100 GHz [55], and our architecture



does not have a limit on reconfiguration speed as the
preservation of quantum coherence is independent of the
active switch control. Thus, when future more efficient
error codes are developed with a significantly reduced
syndrome cycle time, our device can still fulfill the re-
quirement of distributed error correction.

The implementation of QSCs for both time-bin and
frequency-bin has been experimentally demonstrated in
integrated photonics. The conversion between time-bin
entanglement and path entanglement can be achieved us-
ing high-speed, low-jitter 1 x 2 switches and optical de-
lay lines [29]. Wavelength multiplexer/demultiplexer can
convert frequency-bins towards path-entanglement and
vice versa, while quantum frequency conversion enables
the erasure or creation of which-frequency information
[32, 33, 56]. Therefore, the demonstration of quantum-
coherence-preserving dynamic switching with arbitrary
encoding modality conversion is feasible and will be in-
cluded in our next fabrication run.

The architecture shown in Fig la focuses on the
discrete qubit encoding. However, the design is not
restricted to two-level systems. Scaling up to high-
dimensional encodings, i.e. qudits, is feasible by adding
more integrated photonic switch modules at the stage
(2), and corresponding paths to connect QSCs. Addi-
tional phase shifters on each path are also required to
ensure the constructive interference at the second QSC.
However, as discussed above, these are static phase cor-
rections that requires a high-dimensional look-up table.
Meanwhile, the decoherence is still dimension indepen-
dent as only two QSCs are required for each photon.

These results establish the UQS as a practical ar-
chitecture for scalable, quantum information preserving
switching, providing a key enabling technology for future
dynamically reconfigurable, and heterogeneous quantum
networks.

METHODS
Entangled photon source

A detailed schematic of the entangled photon source
is provided in Fig. 5a. The light from a tunable and
continuous wave laser (Keysight N7778C) is coupled to
a fiber-based Sagnac interferometer. A polarization con-
troller at the input of the Sagnac loop sets the pump
polarization to the anti-diagonal polarization state |A)
to enable bidirectional excitation of the resonator. The
AlGaAs micro-ring resonator has a loaded Q ~ 2 x 10°
with a free spectral range of 400 GHz. The counter-
propagating pump fields generate photon pairs in in-
distinguishable paths, whose superposition results in
polarization-entangled states at the interferometer out-
put. To ensure long-term phase stability of the inter-
ferometer, an auxiliary probe laser at A,ux = 1542.14
nm is co-propagated through the Sagnac loop and used
for active phase locking. The interference signal of the

probe is monitored and fed back to a fiber phase shifter
driven by a servo controller (NewFocus LB1005), al-
lowing stabilization of the relative phase between the
counter-propagating paths. The locking point can be ad-
justed to control the phase of the entangled state |®%).
Following the Sagnac loop, the signal and idler photons
pass through an optical circulator and are then separated
using an ITU-grid demultiplexer (Fiberdyne Labs). The
source system exhibits a loss of 23.7 and 22.7 dB for sig-
nal and idler photons, respectively. These losses were
primarily attributed to source packaging and the ITU
grid demultiplexer.

Quantum State Tomography

To reconstruct the density matrix of the entangled
states, we perform quantum state tomography on the
entangled photons directly emitted from the source, and
then on the photons after the UQS.

The quantum state tomography consists of motorized
polarization analyzers, each comprising free-space colli-
mators, a quarter-wave plate, a half-wave plate, and a po-
larizing beam splitter, which are all broadband devices to
cover the entire telecommunication O and C bands. The
tomography system has optical losses of 2.9 and 4.3 dB
for signal and idler photons, respectively. After the colli-
mators, both photons are detected with superconducting
nanowire single-photon detectors (SNSPDs), and coinci-
dence events are registered using a time-tagger (Swabian
instruments Time Tagger X). The SNSPD (ID Quan-
tique) has a quantum efficiency of > 85% and a timing
resolution of < 30 ps.

Using a standard maximum likelihood estimation, we
reconstruct the density matrix based on correlation mea-
surement results. Asshown in Fig. 5b, the density matrix
of the entangled photon source, piy, is reconstructed. We
obtain an Uhlmann fidelity F(pin, |27)(®~|) = 0.97 to
the |®~) Bell state, with purity Tr(p2)) = 1.

Electronic interfaces

To characterize the TO modulation, the corresponding
DC pads connected to the phase shifters are driven using
a multi-contact wedge (MCW) probe with 32 Tungsten
needles at 100 um pitch. We note that the measured
resistance of the phase shifters placed in the TO modu-
lators is ~ 6002 and that of the ones placed in the output
QSCs is ~ 30012. These values match the design speci-
fications since the length of the phase shifter in the TO
modulator is twice that of the other. All measurements
with the DC probe are performed under constant current
operation. We observe fluctuations in the measured con-
tact resistance, leading to phase noise on the TO phase
shifters as reported in the results section.

To explain the hardware devices used to drive the TO
or EO modulators in detail, we divide the electronic con-
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FIG. 5: Polarization entangled photon source. (a) Experimental sketch: polarization entangled photons are
generated in a fiber-based Sagnac interferometer via spontaneous four-wave mixing (SFWM) in a AlGaAs chip. The
interferometer is actively locked using a probe laser with a servo controller. (b) Quantum state tomography of the
entangled photon source yielding 77 (p2,) = 1, F(pin, |27 )(®~|) = 0.98.

trol system into two operation regimes. To test dynamic
switching at frequencies < 50 MHz, a function gener-
ator (Keysight 33622A) is used to generate two phase-
synchronized square waves. The function generator inter-
faces with the PIC using a DC probe. Thus, the MCW
is placed on both (i) ground-state-ground (GSG) pads
of the EO modulator to drive the RF signal and (ii) DC
pads associated with TO heaters to bias the modulator at
the quadrature point for optimal performance. The opti-
cal signals at the switch output ports are detected using
a high-gain photoreceiver with a transimpedance gain of
100 V/A and bandwidth of 10 MHz. Subsequently, the
electrical signals are captured using a digital scope ( Tele-
dyne LeCroy WavePro 404/HD) having a BW of 4 GHz
per channel and a sampling rate of 20 GSa/s.

The combination of the EO modulator, MCW, break-
out printed circuit boards (PCBs), ribbon cable connect-
ing the PCBs, jumper wires, and terminal block adapter
PCB forms a resistor, inductor, and capacitor (RLC)
circuit. The RLC circuit is mismatched to the 50 2
RF signal generator output impedance, leading to os-
cillations in the switch outputs at different frequencies.
For switching the quantum signal, it is important that
the square wave used to drive the phase modulator ex-
hibits a flat amplitude response. To mitigate these os-
cillations, the optimal resistance value is determined by
sending a 1 MHz rectangular waveform and processing
the output amplitudes. The response can be modeled
as an exponentially-decaying oscillatory system [57, 58].
The exponential decay rate of the oscillation peaks is
found via logarithmic decrement method. The main os-

cillation frequency ( fring ~ 15 MHz) is found by applying
a fast Fourier transform (FFT) on the rising edge of the
normalized data. Consequently, the estimated values of
inductance (L) and capacitance (C) are L ~ 2702 nH
and C' ~ 41.2 pF. To have the lowest 2% settling time,
a damping ratio of ¢ & 0.7 is chosen. Consequently, the
total resistance required is Riota) = 2(+/L/C ~ 358Q
[57, 58]. Taking into account the source impedance of
the function generator, the additional series resistance is
Reries = Riotal — Zsource ~ 308 2. Thus, a 330 2 resistor
is placed in series with each EO modulator’s signal pad.
This resulted in dampening the oscillations (¢ ~ 0.74)
and observing a settling time of ~ 81.5 ns.

To test the dynamic switching performance at higher
frequencies (up to 1 GHz), we use an arbitrary waveform
generator (AWG) (Keysight M8190A) with a sampling
rate of 12 GSa/s and an analog bandwidth of 3.5 GHz.
The AWG generates a sinusoidal signal at 1 GHz fre-
quency with an amplitude of 200 mV. This signal is then
amplified with a low-noise RF amplifier having a gain of
22 dB and noise figure of 1 dB at 1 GHz. This amplified
RF signal is interfaced with the PIC using a customized
RF probe with dual input channels and a pitch size of 100
100 pm with 6 needles placed on the GSG-GSG pads on
the PIC. Note that to optimize the performance of mod-
ulator, we also placed the MCW DC probe on the other
pads connected to the TO heaters to bias at the quadra-
ture point. The optical switch output ports are detected
with two photodiodes (PD) (Thorlabs DET08CFC') hav-
ing bandwidth of 5 GHz and responsivity of ~ 1 A/W.
The output of each PD is terminated with a 50 2 load



resistance and connected to the sampling scope for data
recovery.

Theoretical model

The theoretical model of the UQS is based on a
weighted Pauli channel, which generalizes the depolariza-
tion channel by accounting for specific hardware-induced
decoherence including limited PER, PDL, the ER of MZI,
and phase noise from the thermal phase compensator.
Path mismatch between logical |0)s and |1)s is not in-
cluded as per our experimental observation, this noise is
much smaller than the phase noise induced by the ther-
mal phase shifter.

In the theoretical model, we assume the input is an
ideal polarization-entangled Bell state |®~), represented
by the density matrix p;,:

_ b
V2

In the first step, we propagate the density matrix of
the input state through the first PRS with a limited IL,
PER and PDL. The physical impairments of the PRS
are modeled using 2 x 2 Jones matrices applied to logical
|0)s and |1)s. We represent the coupling loss (n¢), PDL
(77PDL) with Jjoss:

Jioss = [ V1CTIPRS 0
oss 0 VNenprsfpepL )’

and represent the PER induced crosstalk (e;) with J; jeqx:

7 (1€ €
ileak — € m .

where the subindex ¢ = 0, 1 represents two logical qubits.

The switch depth D, the total number of MZIs that a
photon travels through, is defined by the dimension of the
switch N as D = 2log, N — 1. After the MZI matrix, all
logical |1)s travel through a phase shifter with phase noise
¢. With efficiency amplitude a = y/n2_. and random
phase noise ¢, the Jones matrix of the switch matrix and
phase compensator is:

Jrnzi1(9) = (8 agi¢> :

Note that, after first the PRS, both paths have TE mode
only, and hence share the same efficiency.

Due to the finite extinction ratio of the MZIs, logical
bits can be routed to other ports. The probability of
a single logical bit successfully reaching the output is
ps = (1— ER)P, and the ER of each MZI, in both logical
|0) and |1) switch matrices, is assumed to be identical.
The output state is a weighted sum of three physical
outcomes:

[®7) (100) = [11)) = pin =27 (27| (0.1)

(0.2)

(0.3)

(0.4)

1. Both logical |0) and |1) succeed: P; = p2.

The corresponding Jones matrix is:  Jporp, =
JlosleeakJMZI(¢)Jleak<]loss-

2. Logical |0) only: Py = ps(1 — ps).
The corresponding Jones matrix is: Jy =

JlossJO,leakJO,JVIZIJO,lealeoss~

3. Logical |1} only: P35 = ps(1 — ps).
The corresponding Jones matrix is: J; =
JlossJl,leakJLMZI((Z))JLleak:Jloss-

The final density matrix po,: is calculated via a Monte

Carlo simulation over M iterations:

M

1
Pout = 77 E 1 [P1pbotn (¢5) + Papo + Psp1]
=

(0.5)

where pp = (Jp @ I)pin(Jp @ I)T. Here, we assume that
the ER <« 1 and the photon flux for each input port
has the same level of sparsity. Therefore, we can ignore
the probability that a photon from another input port is
routed to the target output port. When part of the in-
put ports have significantly larger flux compared to other
ports, this assumption may not hold.

Based on the final state, we calculate the fidelity F' =
(® |pout|®), and the purity P = Tr(p?,,) as a function
of the PER, PDL, and ER of the MZI.
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