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Abstract
The two-qubit controlled-NOT gate is one of the central entangling operations in quantum
information technology. The controlled-NOT gate for single photon qubits is normally realized as
a network of five individual beamsplitters on six optical modes. Quantum walks (QWs) are an
alternative photonic architecture involving arrays of coupled waveguides, which have been
successful for investigating condensed matter physics, however, have not yet been applied to
quantum logical operations. Here, we engineer the tight-binding Hamiltonian of an array of
lithium niobate-on-insulator waveguides to experimentally demonstrate the two-qubit
controlled-NOT gate in a QW. We measure the two-qubit transfer matrix with 0.938± 0.003
fidelity, and we use the gate to generate entangled qubits with 0.945± 0.002 fidelity by preparing
the control photon in a superposition state. Our results highlight a new application for QWs that
use a compact multi-mode interaction region to realize large multi-component quantum circuits.

Photonic quantum information technologies use controlled superposition and entangled single photon
qubits for applications in quantum computing [1, 2], simulation [3], communication [4] and sensing [5]. At
the core of any quantum information processor is the ability to entangle qubits via logical operation such as
the controlled-NOT (CNOT) gate, which is fundamental to many leading quantum computing algorithms.
These operations are typically the most challenging to perform, as the qubits must interact with each other
but be otherwise fully isolated to preserve coherence [6]. In linear optical quantum computing, photonic
qubits are entangled by quantum interference at beamsplitters and single photon detection, either in
post-selection or by heralding ancillary photons [7]. The typical linear optical CNOT gate is realized in a
six-mode interferometer comprising five beamsplitters [8] and has been demonstrated in free-space optics
with polarization encoding [9], and in integrated photonics with path encoding [10]. Four modes are for the
two qubits and the extra modes provide loss channels that are necessary to balance the probabilistic logical
operation. The need for high-fidelity entangling gates puts stringent requirements on the accuracy of the
beamsplitter reflectivities, stability of the interferometer and indistinguishability of the single photons in all
degrees of freedom. Photonic integrated circuits benefit from the precision and inherent phase stability of
monolithic nanofabricated devices, and comprise optical waveguides for routing light on-chip, directional
couplers (DCs) or multi-mode interferometers that act as two-mode beamsplitters, and thermo- or
electro-optic phase control for reconfigurability. It is known that a nest of two-mode interferometers can
be configured for any linear optical unitary, including the CNOT gate, however, this architecture is
dominated by routing of light between separate beamsplitters, which does not contribute to the logical
operation [11, 12].

Quantum walks (QWs) are an alternative photonics architecture, realized as arrays of coupled
waveguides where light interferes along the entire propagation length instead of at individual beamsplitters.
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The optical evolution in the QW is described by a tight-binding Hamiltonian that can be engineered for
many applications and for studying fundamental physics. This includes the experimental demonstration of
topologically bound states [13–18], Anderson localization [19–23], quantum transport [24, 25] and for
preparing large single photon superposition states [26]. When pairs of indistinguishable photons propagate
in a QW, they undergo bosonic bunching similar to the Hong–Ou–Mandel (HOM) effect, which has been
observed in free-space optics [27], multi-mode fiber-optics [28] and integrated photonics [29]. It has been
recently proposed that multi-mode quantum interference in a specifically parameterized six-waveguide array
can implement the CNOT gate on path-encoded photonic qubits [30]. In this realization of the CNOT gate,
the photons interfere continuously along the length of the array, removing the need for on-chip routing.
However, such a device is challenging to produce because of the precise control required on the tight-binding
Hamiltonian for each propagation and hopping term. While sophisticated QWs have been demonstrated in
several photonics technologies, controlled two-qubit gates are yet to be realized.

Here, we experimentally demonstrate the two-qubit CNOT gate realized in a continuous time QW. We
fabricated the six-waveguide ‘QW-CNOT’ array in lithium niobate-on-insulator (LNOI) and fully control
the on-site energies and nearest-neighbor hopping of the tight-binding Hamiltonian in the design of the
individual waveguide widths and separations respectively. We measure the two-qubit CNOT transfer matrix
with a fidelity of 0.938± 0.003 using photons generated by spontaneous parametric down-conversion
(SPDC). The reduced fidelity is due to the limited indistinguishability of the SPDC source, bandwidth of the
QW controlled-NOT (QW-CNOT) chip and fiber dispersion. We also prepare the control qubit in the
1√
2
(|0⟩+ eiϕ|1⟩) superposition state using an on-chip DC and use the QW-CNOT gate to generate the state

1√
2
(|00⟩+ eiϕ|11⟩) with fidelity 0.945± 0.002, measured in the computational basis. The addition of on-chip

phase control would enable generation of maximally entangled Bell states, which are an important resource
for quantum computing and quantum communication. Our results open a pathway towards implementing
large multi-mode photonic circuits in a single step using QWs.

1. Results

1.1. Quantum controlled-NOT gate in a photonic QW
The QW-CNOT gate operates on path encoded control |c⟩ and target |t⟩ qubits, that are superposition states
of photon occupation across pairs of neighboring waveguides. The evolution of the QW is described by the
tight-binding Hamiltonian

h=
N∑

i=1

βi â
†
i âi +

N−1∑
i=1

κi

(
â†i âi+1 + â†i+1âi

)
, (1)

which is the sum of the propagation coefficients of each waveguide βi = 2πneff,i/λ and the coupling rates
between neighboring waveguides κi. The unitary operation is described by Schrödinger’s equation
U= exp(−iht) for an evolution time t. Lahini et al determined the specific six waveguide tight-binding
Hamiltonian with an equivalent unitary to the traditional linear optical CNOT gate [30], which is usually
realized as a network of five beamsplitters [8] (shown in supplementary section 1). The QW-CNOT requires
the Hamiltonian-time product

ht= π



0 −1.27 0 0 0 0
−1.27 −0.73 0 0 0 0
0 0 0.67 −0.51 0 0
0 0 −0.51 0.01 −1.69 0
0 0 0 −1.69 −1.01 −0.52
0 0 0 0 −0.52 −1.67

 , (2)

where diagonal terms correspond to the propagation coefficients βi and the off-diagonal terms correspond to
the nearest-neighbor hopping rates κi. The two-photon evolution for each input state is shown in figure 1 for
the reduced logical subspace. Four waveguides are required to encode the two qubits and two additional
auxiliary modes that allow the photons to propagate in a larger Hilbert space that is subsequently reduced by
post-selection. Figures 1(a) and (b) show the control qubit in the |0⟩ state where it is decoupled from the rest
of the array and does not interfere with the target qubit. Coupling to the auxiliary modes and to other
non-logical modes are not shown in this evolution, but can be seen in the complete Hilbert space (shown in
supplementary section 2). Figures 1(c) and (d) show the control qubit in the |1⟩ state, where it quantum
interferes with the target qubit. Quantum interference between the two photons leads to a bit-flip operation
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Figure 1. Evolution of the QW-CNOT device. Two-qubit evolution in the QW-CNOT waveguide array shown in the two-qubit
logical subspace for input states |ct⟩: (a) |00⟩, (b) |01⟩, (c) |10⟩, and (d) |11⟩. Labels |c⟩ and |t⟩ indicate the control and target
qubits, and the input waveguides labeled v are auxiliary modes. When the control qubit is in the |1⟩ state the photon interferes
with the target qubit and causes a bit-flip operation. This operation is only possible when post-selecting the logical subspace. (e)
A microscope image of the QW-CNOT realized in the LNOI photonics platform. The labels on the left show the qubit encoding
and on the right the waveguide number. The inset shows a scanning electron micrograph of the start of the coupling region. (f) A
microscope image of the QW-CNOT array with an additional DC that implements a Hadamard gate, labeled H, preparing the
control qubit in a superposition state.

on the target qubit. The visualization here does not consider the amplitude of the state within the two-qubit
subspace where each of the logical transformations has a 1/9 success probability (shown in supplementary
section 2).

1.2. QW-CNOT design and fabrication
We use the LNOI photonics platform to implement a QW-CNOT gate with waveguides designed for
1550 nm wavelength and transverse electric polarization. LNOI has a broad transparency range, low loss, and
high electro-optic and χ(2) nonlinear coefficients, making it a leading technology for photonic quantum
information processors [31]. LNOI has become a major focus in photonics research, with demonstrations of
record high-speed and low-voltage modulation [32], ultra-efficient nonlinear frequency conversion [33],
all-optical switching [34] and entangled photon pair generation [35]. We etch the waveguide array in a
300 nm LN film with a 4.7 µm SiO2 bottom oxide on a silicon handle wafer [36]. The etched waveguide
height is 230 nm and we use the width and separation to control the propagation coefficients βi and coupling
rates κi in the tight-binding Hamiltonian. We exchange time-evolution for equivalent length-evolution for
designing the array and target an array length L= 700µm such that the Hamiltonian-length product hL
matches equation (2). We chose the on-site terms to be relative about the first waveguide which we set to 1.5
µm width and which defines the value of β1. We simulate the mode for various waveguide widths using a
finite-element solver and plot the corresponding value of∆βi L/π = (βi −β1)L/π in figure 2(a). The inset
in figure 2(a) shows the typical waveguide cross section and solution of the fundamental transverse electric
mode.

Using the determined waveguide widths, we simulate the even and odd supermodes of neighboring
waveguides to calculate the coupling rate as κ= π(neven − nodd)/λ, as shown in figure 2(b). The points
indicate the necessary parameters for the Hamiltonian. Note that there is no hopping between waveguides 2
and 3 in the Hamiltonian as κ2 = 0. The waveguide numbering is shown in figure 1(e), and we position
waveguides 2 and 3 with a∼50µm gap to effectively decouple the modes. Figures 1(e) shows a microscope
image of the QW-CNOT and figure 1(f) shows another device on the same chip with an additional DC that
prepares the control qubit in a superposition state. The different waveguide separations can be seen in the
scanning electron micrograph and reflects the different coupling coefficients of the Hamiltonian. The total
footprint of our QW-CNOT gate is 700 µm× 65 µm. The length is defined by the number of hops to
neighboring waveguides that is dictated by the Hamiltonian-length product. It would be possible to shorten
the array by increasing the coupling strength, however, at a cost of greater sensitivity of the β and κ terms.

3



Quantum Sci. Technol. 9 (2024) 015016 R J Chapman et al

Figure 2. Design of the QW-CNOT array in LNOI photonics. (a) The dependence of the propagation coefficient β on the
waveguide width (top edge) with a fixed etch depth of 230 nm and remaining film of 70 nm. The required waveguide widths are
indicated on the curve. The inset shows the fundamental transverse electric mode of the LNOI waveguide. (b) The dependence of
the coupling coefficient κ on the waveguide separation (edge to edge) for each of the coupled waveguides. Waveguides 2 and 3 are
not coupled as κ2 = 0 in the Hamiltonian.

The total coupling region involves∼2.3 hopping lengths between the first two waveguides. This is marginally
longer than the total∼1.6 hopping length of the traditional CNOT gate based on DCs. However, this does
not take into account bends between individual DCs which for some photonics platforms can have bend
radii an order of magnitude larger than the hopping length [10].

Our fabrication process achieves a typical width and separation tolerance of 10 nm. Variations in
waveguide width or separation are observed collectively for all waveguides, and not as randomized errors
[36]. We performed a Monte Carlo simulation of the impact of width and separation errors and estimate a
fidelity of the CNOT operation of 0.996± 0.003 with a uniformly distributed error of 10 nm (see
supplementary section 2 for details on the impact of fabrication errors on the fidelity). Interestingly, the
propagation coefficients in figure 2(a) have width variations less than 10 nm, yet a collective variation has
only a small impact on the fidelity.

We couple light to the chip using grating couplers with∼6 dB loss per coupler. Grating couplers offer
several advantages over end-fire coupling, such as eliminating the need for dicing and polishing waveguide
facets, larger mode field diameters, and polarization sensitivity, ensuring the excitation of only the waveguide
transverse electric mode. Higher efficiency grating couplers in LNOI have been reported [37–39] with losses
as low as∼1 dB per grating [40]. Recently, grating couplers in silicon nitride were demonstrated with∼0.5
dB loss, which could be also feasible with LNOI [41].

1.3. Classical characterization
To classically characterize the QW-CNOT gate, we inject a 1550 nm wavelength continuous-wave laser into
each input of the chip and record the intensity at all the outputs with a near-infrared camera. Figure 3 shows
the propagation simulation based on the Hamiltonian in equation (2), as well as measured output intensity
distributions for each of the six inputs in the waveguide array. The propagation here differs from the
two-photon evolution shown in figure 1 as only a single mode is excited. We calculate the fidelity between the
experimental transfer matrix Γ and the theoretical transfer matrix Γ ′ as

F(Γ,Γ ′) =
∑

i,j

√√√√ Γi,jΓ ′
i,j(∑

i,jΓi,j

)(∑
i,jΓ

′
i,j

) . (3)

The fidelity between the classically characterized transfer matrix and the theoretical model is 0.982± 0.007
where the error is calculated from the variation in fidelity for each waveguide input. From this
characterization, we can build a simulation of the device by finding the Hamiltonian that gives the closest
match to the measured output. This simulation will be a tool for predicting the two-photon dynamics of the
QW-CNOT chip.
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Figure 3. Classical characterization. The theoretical evolution intensity in the QW-CNOT chip for each of the six waveguide
inputs. The output intensity for each evolution is shown for the theoretical model (blue) and the experimental result (red). The
theoretical evolution is calculated from the Hamiltonian in equation (1) with the values of β and κ shown in figure 2.

Figure 4. Experimental setup. Orthogonally polarized photon-pairs are generated by type-2 spontaneous parametric
down-conversion in a 2 mm thick beta barium borate (BBO) crystal and the pump is filtered with a longpass filter (LPF) and the
photons with a 12 nm bandpass filter (BPF). The photons are coupled to polarization maintaining fiber (PMF) and separated
with a polarizing beamsplitter (PBS) where one fiber pigtail is rotated such that both photons have the same output polarization.
The photons are injected into optical delay lines (ODLs) to compensate for fiber length mismatch and fiber birefringence and are
coupled to the QW-CNOT chip with a fiber array positioned above on-chip grating couplers. After the QW, the photons are
collected in fiber and measured with superconducting nanowire single photon detectors (SNSPDs) and the arrival times are
recorded with a time correlator (TC). Polarization controllers are used to maximize the efficiency of the SNSPDs.

1.4. SPDC source and experimental setup
In order to measure the two-qubit operation of the QW-CNOT gate, we require a source of indistinguishable
photons at 1550 nm wavelength. To achieve this, we employ a collinear type-2 SPDC process using a
beta-barium borate crystal. A diagram of the complete experimental setup is depicted in figure 4. We use a
775 nm continuous-wave laser to pump the nonlinear crystal, generating photon pairs which are filtered with
a 12 nm bandpass filter to ensure both photons have the same bandwidth. Because we use a type-2 SPDC
process, one photon is horizontally polarized and the other vertically polarized. We couple both photons into
a polarization maintaining fiber and separate them with a fiber-pigtailed polarizing beamsplitter. One of the
output fibers is pigtailed with the slow axis vertical and the other fiber with the slow axis horizontal, so that
both photons exit the beamsplitter with the same polarization in each fiber. Motor-controlled optical delay
lines compensate for mismatch in fiber lengths and birefringence before the photons are coupled to the chip.
Photons are coupled to and from the chip with fiber arrays positioned above the grating couplers with
precision translation stages. Finally, coincidence measurements are performed with superconducting
nanowire single photon detectors and a time correlator to record arrival times. We verify the
indistinguishability of the generated photons through the characteristic HOM dip, measured by interfering
the photons in a fused-silica 50:50 beamsplitter with 94.6% visibility (further details in supplementary
section 3). Narrower bandpass filters can improve the source visibility by reducing fiber dispersion at the cost
of lowering the photon count rate.

5
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Figure 5. Two-qubit transfer matrix. (a)–(c) The theoretical (ideal), simulated and experimental two-qubit transfer matrix when
the photons arrive with a time separation τ . In this regime, the photons do not quantum interfere. (d)–(f) The theoretical (ideal),
simulated and experimental two-qubit transfer matrix with indistinguishable photons that arrive with zero time delay.

1.5. QW-CNOT array two-qubit transfer matrix
The operation of the two-qubit QW-CNOT chip is based on quantum interference between the control and
target qubits. The control |0⟩ state does not interfere with the target qubit and thus the arrival time of the two
photons has no impact on the transfer matrix. However, for the control |1⟩ state, the photon arrival times are
critical to allow for interference. We use the motorized optical delay lines to match the arrival times of the
control and target qubits. For the input state |10⟩, we observe HOM interference between waveguides 3 and
4, which results in suppression of the output state |10⟩ and therefore only the logical output |11⟩ is measured.
Likewise for input state |11⟩, HOM interference is observed between waveguides 3 and 5, meaning only the
logical output |10⟩ is measured. This interference gives rise to the logical CNOT operation in our chip. The
raw HOM interference plots are shown in supplementary section 4. We measure the two-qubit transfer
matrix of the QW-CNOT chip with and without a delay between the photons and plot the results in figure 5.
When the photons arrive at the chip with a time delay (τ ), there is no quantum interference and we observe
classical propagation dynamics. In figures 5(a)–(c), we show the ideal theoretical, simulation and
experimental results respectively. Because there is no quantum interference, the simulation is simply the
product of the classical probability distributions shown in figure 3. We calculate the fidelity using
equation (3) between the theoretical model and the experiment as 0.994± 0.001 and between the simulation
and the experiment as 0.991± 0.001, where errors are calculated using Poissonian statistics.

We scan the optical delay lines and measure HOM interference between the control and target photons in
the QW-CNOT waveguide array. When the delay is τ = 0, the photons arrive simultaneously and the CNOT
operation is implemented by quantum interference. The theoretical, simulated and experimentally measured
transfer matrices are shown in figures 5(d)–(f) respectively. The fidelity between the theoretical model and
the experiment is 0.938± 0.003 and between the simulation and the experiment is 0.991± 0.001. The
reduced fidelity of the two-photon interference is attributed to the relatively broad bandwidth of the SPDC
photons (12 nm), meaning optical dispersion in fibers and waveguide, and the sensitivity of the Hamiltonian
to wavelength, decrease the visibility of the two-qubit interference.

1.6. Entangled state generation
The CNOT gate is a fundamental element for quantum computation and can be used to prepare maximally
entangled Bell states when the control qubit is in the superposition state |c⟩= 1√

2
(|0⟩± |1⟩) and the target

qubit in either the |0⟩ or |1⟩ state. We fabricated a QW-CNOT gate with the addition of a DC that prepares
the control qubit in the superposition state |c⟩= 1√

2
(|0⟩+ eiϕ|1⟩) and the target qubit is kept in the |0⟩ state.

In this work, we do not set the phase ϕ of the control qubit before the QW-CNOT gate, which would be
necessary to prepare a maximally entangled Bell state. However, electro-optic and thermo-optic phase
shifters are well established technologies in integrated photonics. Switching networks have been realized in
LNOI photonics using both electro-optic [42] and thermo-optic phase shifters [43]. In particular for LNOI
photonics, electro-optics has the advantage of reduced cross talk between neighboring waveguides, and can
switch at high speeds. When the two photons arrive with a time delay τ , the input state becomes an
incoherent mixture 1

2 (|00⟩⟨00|+ |10⟩⟨10|) and no quantum interference is observed. The expected output of
the QW-CNOT in this case is 1

4 (|00⟩⟨00|+ 2|10⟩⟨10|+ |11⟩⟨11|). On the other hand, when the photons
arrive simultaneously, i.e τ = 0, the input state is a coherent superposition 1√

2
(|00⟩+ eiϕ|10⟩) and the

6
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Figure 6. Entangled state preparation. A directional coupler is included before the QW-CNOT array to prepare the control qubit
in a superposition state (|0⟩+ eiϕ|1⟩)/

√
2. (a)–(c) The theoretical (ideal), simulated and experimental two-qubit output when

the photons arrive with a time difference τ . This means the two qubits are distinguishable and no entanglement is generated.
(d)–(f) The theoretical (ideal), simulated and experimental two-qubit output when the photons arrive together and undergo
HOM interference. In this case, the entangled state (|00⟩+ eiϕ|11⟩)/

√
2 is generated. The error bars in (c) and (f) are calculated

from Poissonian statistics.

Table 1. Summary of the measured fidelities of the QW-CNOT device. The classical characterization is only compared to the theoretical
value and is the basis for the QW-CNOT gate fidelity.

Experiment Fidelity to theoretical value Fidelity to simulation

Classical transfer matrix (mixed) 0.982± 0.007 N/A
CNOT transfer matrix (mixed) 0.994± 0.001 0.991± 0.001
CNOT transfer matrix (pure) 0.938± 0.003 0.985± 0.002
Bell state preparation (mixed) 0.985± 0.001 0.987± 0.001
Bell state preparation (pure) 0.945± 0.002 0.973± 0.001

expected output is the entangled state 1√
2
(|00⟩+ eiϕ|11⟩). On the same device, we fabricated a network of

DCs with the same parameters in order to characterize the splitting ratio. We measure a DC reflectivity of
0.551± 0.002 and we consider this imbalance in our simulated output of the QW-CNOT. The entangled state
preparation results are presented in figure 6. Based on the two-photon transfer matrix measured previously,
we construct a model of the two-qubit entangled state preparation. The theoretical, simulated and measured
output for the incoherent input state, measured in the computational basis, are shown in figures 6(a)–(c)
respectively. We measured a greater probability of |10⟩ output than expected from our simulations, even
when taking into account the imbalance of the DC. We attribute this difference to imbalanced output chip to
fiber coupling efficiencies, and to differences between the two QW-CNOT arrays fabricated on the chip. It is
known that current LNOI wafer material suffers from inhomogeneities, for example in the film thickness,
which can lead to variations in device performance even on the same chip [44]. We calculate the fidelity
between the theoretical state and the experiment as 0.985± 0.001 and between the simulated state and the
experiment as 0.987± 0.001. The theoretical, simulated and measured output for the coherent superposition
input state are shown in figures 6(d)–(f) respectively. The fidelity between the theoretical output and the
experiment is 0.945± 0.002 and between the simulation and experiment is 0.973± 0.001. Although these
results are from a different QW-CNOT device, the experiment and simulation show good agreement. The
fidelity here assumes ϕ= 0, which can be achieved with an on-chip phase shifter for the input control qubit.
The two-qubit entangled state could be verified by performing two-qubit state tomography or violating the
Clauser, Horn, Shimony and Holt (CHSH) inequality [45]. Nevertheless, this experiment shows the
QW-CNOT device is capable of performing photonic entangling gates in a single interaction step, which
could provide a significant improvement over the traditional multi-step circuit approach.

2. Discussion

We have successfully implemented the controlled-NOT gate in a continuous-time QW on the LNOI
photonics platform, and have summarized the performance in table 1. Using indistinguishable photons from
a SPDC source, we have measured the transfer matrix of the two-qubit CNOT gate, and prepared the control
qubit in a superposition leading to the generation of entangled states. Tunable waveguide arrays are being
actively researched, using thermo- and electro-optics to reconfigure the dynamics of QWs in silica and
proton-exchange LN waveguides [46, 47]. Adding electro-optic tunability to the QW-CNOT device could

7
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compensate for chip variations when scaling up to multiple gates. In particular, electro-optics could be used
to locally change the β and κ terms of the Hamiltonian with minimal cross-talk because of the shielding
effect of each electrode, similar to the technique demonstrated in [47]. However, our typical LNOI device
dimensions are an order of magnitude smaller than proton-exchange lithium niobate circuits, which could
create challenges during fabrication. Another improvement would come from adding input and output
single qubit gates for performing process and state tomography, violating the CHSH inequality and
preparing arbitrary two-qubit states. In this work, we highlight the potential for photonic quantum gates to
be implemented in continuously coupled waveguide arrays, offering a more compact solution compared to
existing architectures and opening new pathways towards the development of more complex multi-photon
circuits in a single interaction region.
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