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Transverse Mode-Encoded Quantum Gate on a Silicon Photonic Chip
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As an important degree of freedom (d.o.f.) in photonic integrated circuits, the orthogonal transverse
mode provides a promising and flexible way to increase communication capability, for both classical and
quantum information processing. To construct large-scale on-chip multimode multi-d.o.f.s quantum
systems, a transverse mode-encoded controlled-NOT (CNOT) gate is necessary. Here, with the help of our
new transverse mode-dependent directional coupler and attenuator, we demonstrate the first multimode
implementation of a 2-qubit quantum gate. The ability of the gate is demonstrated by entangling two
separated transverse mode qubits with an average fidelity of 0.89 4+ 0.02 and the achievement of 10
standard deviations of violations in the quantum nonlocality verification. In addition, a fidelity of 0.82 &
0.01 is obtained from quantum process tomography used to completely characterize the CNOT gate. Our
work paves the way for universal transverse mode-encoded quantum operations and large-scale multimode

multi-d.o.f.s quantum systems.
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In integrated photonics, the significant enhancement of
information processing and communication capability is an
ultimate goal due to the exponential growth in the demands
of optical interconnects and communication for both
classical [1] and quantum [2] information applications.
To achieve large-scale photonic quantum systems, multi-
photon, multiple degrees of freedom (d.o.f.s) and high-
dimensional encoding are becoming attractive and essential
[3]. In recent years, a lot of experimental efforts to achieve
universal quantum operations have been done with different
d.of.s, such as a single qubit operation and 2-qubit
controlled-NOT (CNOT) gate with path or polarization
encoding [4-9], as well as a 2-qubit quantum gate for time-
bin qubits [10,11] and frequency-bin qubits [12]. In
addition, hybrid encoding with multiple d.o.f.s has also
shown impressive applications such as superdense coding
[13] and multi-d.o.f.s teleportation [14].

More recently, the orthogonal transverse modes sup-
ported in a multimode waveguide are valued and developed
rapidly for their high-dimensional scalability, compactness,
and coherent conversion with other d.o.f.s [15-18]. As a
new d.o.f., the transverse mode provides the flexibility and
scalability for a wide scope of novel applications, such as
dense optical interconnects [1,16,17], quantum information
science [18-21], nonlinear photonics [22,23], and so on.
Specifically, one single waveguide can support ten channels
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simultaneously by multiplexing transverse modes [17],
thus, greatly improving the scalability. Using intermode
spontaneous nonlinear processes, an integrated near-ideal
spontaneous photon source [21] and high-efficiency second
harmonic generation [22] can also be achieved. Meanwhile,
a variety of multimode photonic devices such as mode (de)
multiplexers [24,25], grating couplers [26], switches
[27-29], filters [30], sharp waveguide bends and mode-
independent crossings [31,32], and many other building
blocks [33] have been developed intensively in recent years.
However, as a potential on-chip d.o.f., the full manipulation
of transverse mode qubits, especially a 2-qubit CNOT gate,
is still not studied extensively and is challenging.

In this Letter, we report the on-chip generation, manipu-
lation, and measurement of transverse mode-encoded
quantum entangled states based on a compact CNOT gate.
The CNOT gate relies on two newly developed multimode
photonic devices that can selectively manipulate different
transverse modes, called the unbalanced transverse mode-
dependent directional coupler (TMDDC) and multimode
attenuator (MMA). This multimode waveguide CNOT gate
is very compact and has a size of ~10 x 160 ym>. We
characterize it by performing quantum state tomography
and quantum process tomography measurements. The gate
realizes the entanglement of 2 separable qubits with an
average state fidelity of F, = 0.89 4-0.02 and a process

© 2022 American Physical Society
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Transverse mode-encoded quantum CNOT gate and the entire circuit. (a) The transverse modes in a multimode photonic

waveguide. Min and max in scale bar represent the relative energy density. (b) Simulated light propagation in the designed transverse
mode-dependent directional coupler. (c) Simulated light propagation in the designed multimode attenuator. (d) Schematic of the entire
silicon photonic integrated circuit. The red dashed lines mark out the multimode section, where both modes are supported and function
together as a transverse mode-encoded CNOT gate. The other parts of the circuits are single-mode and used for the state preparation and

analysis. MMI BS: multimode interference beam splitter.

fidelity of F, = 0.82 4 0.01. Because the transverse mode-
encoding is compatible with other encoding protocols and
facilitates the construction of quantum photonic integrated
circuits (QPICs) with higher dimensions and capacity, our
work paves the way for universal transverse mode-encoded
quantum operations and practical applications in compact
and scalable photonic quantum processing with multi-
ple d.ofs.

A quantum processor requires a cascade of various
unitary operations, which consist of a finite series of basic
logic gates. It has been proven that the 2-qubit CNOT gate,
which flips the target qubit |f) depending on the state of the
control qubit |c), together with single-qubit logic gates, are
sufficient for a universal quantum operation [34]. In QPICs,
the universal quantum operation is often implemented
using beam splitters and phase controllers [4,7-9]. The
2-qubit CNOT gate is mainly composed of three unbal-
anced directional couplers [8], one for two-photon inter-
action by the Hong-Ou-Mandel effect [35], and the other
two for energy compensation.

Among various material systems for QPICs, silicon on
insulator is chosen here because of its excellent optical
properties and complementary metal-oxide-semiconductor
compatibility [36]. The designed multimode waveguide has
a cross section of 760 x 220 nm? and supports the two
lowest-order transverse modes of TE polarization, i.e., the
TE, and TE; modes, as shown in Fig. 1(a). These modes
are orthogonal to each other and without cross-coupling

they can be directly used for quantum information encod-
ing. To achieve a transverse mode-encoded CNOT gate, we
have two newly designed mode-dependent photonic devi-
ces, TMDDC and MMA, which can achieve mode-depen-
dent coupling and loss, as shown in Figs. 1(b) and 1(c),
respectively. By cascading one TMDDC and two MMAs, a
multimode 2-qubit CNOT gate is constructed, as shown in
Fig. 1(d).

The present TMMDC is based on a symmetric direc-
tional coupler, in which the incident modes (i.e., TE,, TE;)
are partially transferred to the adjacent waveguide through
the evanescent coupling. Here, to achieve a mode-selective
beam splitter, we choose a wide waveguide with a core
width of wy = 760 nm and a large gap of g = 400 nm. In
this situation, the evanescent field of the TE, mode is
restricted strongly in the waveguide core, and there is rarely
power transfer. In contrast, the TE; mode has sufficient
coupling strength, and the coupling length is chosen as L =
32.5 um to realize a cross-coupling ratio of 2/3. Fig. 1(b)
shows the simulated light propagation in the designed
structure when the TE, and TE; modes are launched,
respectively. The MMA is designed to attenuate 2/3 power
of the TE; mode and guarantee lossless propagation of the
TE; mode for energy compensation. In order to realize such
an energy attenuator, a multimode interferometer (MMI) is
introduced because of its compactness (< 3 x 10 gm?) and
low insertion losses (< 0.5 dB). For the lossless propaga-
tion of the TE; mode, we choose the MMI length to form
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the self-imaging for the TE; mode. In this case, the TE,
mode shows imperfect self-imaging, and the output energy
depends on the waveguide width. Here, we choose the
MMI width as w=2.5 ym and the MMI length as
[ = 7.5 ym. With this design, one can maintain the lossless
propagation for the TE; mode while attenuating 2/3 of the
power of the TE, mode. In order to radiate away the
unwanted energy left in the attenuator, which would cause
unnecessary interference and negatively affect the output,
we introduce a butterfly-shaped MMI section to reduce the
reflection of the TE; mode by introducing four acute angles
to the MMI section. Figure 1(c) shows the simulated light
propagation in the designed attenuator when the TE,, and
TE; modes are launched, respectively. For more informa-
tion on these two devices, please see the Supplemental
Material, Sec. I [37]. The function of controlling the
transverse modes separately here enables us to further
cascade them for realizing complex functions with mode
encoding such as a 2-qubit CNOT gate.

A PPKTP crystal was used to generate frequency-
degenerate photon pairs centered at a wavelength of
1540 nm. More details are provided in the Supplemental
Material, Sec. I [37]. The photon pairs were collected with
a single-mode fiber array and then coupled into the TE,
mode in the on-chip single-mode waveguides via grating
couplers. To encode photons with different transverse
modes, mode (de)multiplexers [1] were introduced before
(after) the photons which have passed through the CNOT
gate. After the on-chip state evolution, the photons were
coupled by using another fiber array and detected with
superconducting single-photon detectors. To prepare and
detect different quantum states, path-encoding Mach-
Zehnder interferometers (MZIs) were performed. Micro-
heaters controlled by a homemade multichannel direct-
current regulated power supply were used to thermally tune
the phases of the photons. All the heaters were individually
characterized and displayed high quality. For further
details, please see the Supplemental Material, Sec. IV [37].

To characterize the chip with different input qubits, we
defined logical and physical qubits with the following
states: |0). = [TEy), [1), = [TE,), [0), = (|TE,) + |TE,))/
V2, 1), = (|TEy) — |TE,))/+/2, where the subscripts ¢
and 7 denote the control and target qubits. The CNOT gate
has a success probability of P =1/9, which can be
rendered deterministic by making use of ancillary resour-
ces, measurements, and feed forward [38].

Two-photon quantum interference is essential in the
CNOT gate, and the gate operation succeeds when two
photons arrive at the directional coupler at the same time;
thus, the performance of the CNOT gate is directly related
to the interference visibility. We first characterized the
quantum interference in the multimode directional coupler.
The interference results are shown in Fig. 2. An interfer-
ence visibility of 0.82 & 0.03 was derived from Gaussian
fitting before background subtraction (the raw data used,
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FIG. 2. Quantum interference in the transverse mode-depen-
dent directional coupler. Both the control and target photons are
in the TE; mode and have an adjustable time delay between them.
The dashed blue line denotes the lower limit for the ideal case.
The error bars represent ++/N for the raw coincidence data (black
rectangles) N. The dots denote the experimental data, and the
curve is the corresponding Gaussian fit.

the same below) where the error was the fitting standard
error. Here, the visibility is defined as V = (Cpax — Cnin)/
Cnax> Where C .« and C,;;, are the maximum and minimum
of fitted data, respectively. The visibility is very close to the
ideal value of 0.80 [6], which is indicated by the dashed
blue line in Fig. 2. The excellent agreement between the
measured and ideal cases proves that the TMDDC works
well. The CNOT gate operation will be realized at zero time
delay (dip position).

The basic function of a CNOT gate is entangling 2
separate qubits, which is one fundamental operation in
quantum information processing. With a perfect CNOT
gate and taking one of the states {|£).|0),, |£).|1),} where
[+)e = (10)c +[1)0)/v2 and |=). = (0), = [1).)/V2 as
input, the output state is expected to be the maximally
entangled Bell state, that is,

o1
|© >—7f2(|0>c|0>ti [D)el1),),
L]
¥ >——ﬁ(|0>cll>ti|1>c|0>t)‘ (1)

The corresponding density matrix is denoted as pPjqeq =
|p) (@], where |¢p) = |®F), |PF). We reconstructed the
density matrix of the output quantum state by quantum
state tomography [39]. Figure 3 shows the real parts of the
reconstructed density matrices Py, and pigeq (crystal clear
bars). The raw fidelity of the generated state, defined as
Fy = [Tr(\/v/PmeaPideal VVPmea)]?» Were calculated for the
different output states as Flo+y = 0.89 £0.03, Flo-) =
0.88 £0.03, Fjg+y =0.90=x0.02, Fy-y=0.87+0.02.
The averaged fidelity was obtained as F; = 0.89 + 0.02,
which confirms the entangling function of the CNOT gate.
The fidelity errors were obtained by a 100-times Monto
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FIG. 3. Quantum state tomography of the generated Bell states.
The real parts of the measured density matrices of the output
states with the different input states of (a) |+).|0),, (b) |-).|0),,
©) |+).]1),, and (d) |-).|1),. The imaginary parts of the
measured density matrices are negligible. The clear bars represent
the ideal density matrices for the maximally entangled Bell states
|®*) and |PE).

Carlo calculation with the experimental data subjected to
Gaussian statistics. In addition, the linear entropy and
tangle were calculated to quantify the mixture and amount
of entanglement for these states [39-41]. The details are
provided in the Supplemental Material, Sec. V [37].

The nonlocality nature of the output states was further
verified using the Clauser-Horne-Shimony-Holt inequality
[42],

S(p) = E(a,b) — E(a,b') + E(d',b) + E(d, V).

)

(a)

FIG. 4.

Here, a, a’ and b, b’ are two sets of measurement direction
settings for different qubits. For a state that can be
described by a local classical theory, the nonlocality
parameter S should be less than or equal to 2. For entangled
Bell states, quantum mechanics predicts a maximal value of
S'max =2+v/2 with a selected measurement basis. In this
study, the phases in the MZIs at the measuring part were
individually set as {0° 180°45° 225°} for the control
qubit and {22.5°,202.5°,67.5°,247.5°} for the target qubit.
In this way, S values for the different output states were
obtained as Sig+y =2.54 £0.05, Sj¢-, = 2.50 £ 0.05,
S‘qﬁr) =2.51£0.05, SN’*) =2.43+£0.05. The average

value is Spe = 2.50 & 0.05, which violates the inequality
by 10 standard deviations.

Finally, we performed quantum process tomography to
fully characterize the quantum device. We prepared 16
different input states from the set {|0),|1),|0) +|1),|0) +
i|1)}®2 and analyzed the output states. The experimentally
reconstructed process matrix y., is presented together with
the ideal y;4., in Fig. 4. Using the definition of the process
fidelity F, = [Tr(y/\/Aexpidealr/Texp)]” [8], We obtained
F, =0.82 £ 0.01, which is at the same level as that in the
previous works [7-9].

The progress we have made here is multifaceted. First, as
new multimode photonic devices, the beam splitter and
attenuator we developed can also be used as basic compo-
nents for various optical information processing applica-
tions. Second, the CNOT gate we achieved is the first and
indispensable demonstration of a 2-qubit logic gate with
transverse mode encoding. Together with the single-qubit
rotation operation realized previously [18,19], the CNOT
gate makes universal quantum computation with transverse
mode-encoded qubits possible. Compared to the chip size

(b)

Fig. 4. Quantum process tomography measurement results. Real parts of the density matrices for (a) an ideal controlled-NOT

gate yigea and (b) the measured y.,,,. The imaginary part of y.,, is negligible. Here, X, Y, and Z represent the Pauli matrices oy, oy, and

04, respectively.
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of path- and polarization-encoding CNOT gates based on
dielectric waveguides (approximately 10°—107 ym?) [7-9],
transverse mode encoding enables us to further shrink the
chip size to approximately 10 x 160 ym? and improves
chip stability when it becomes necessary to cascade
multiple logic gates in large-scale photonic circuits. The
gate is promising for high-dimensional quantum informa-
tion applications by introducing more transverse modes.
The gate is also compatible with the use of other d.o.f.s for
encoding [18] and offers the possibility for diverse func-
tions with hybrid encoding. Fully on-chip manipulation of
transverse mode-encoded qubits is readily achievable with
the integration of an entangled photon pair source using a
multimode photonic waveguide [20]. It should be noted
that the imperfect gate fidelity reported here is mainly due
to the fabrication error, which resulted in additional
insertion loss for higher-order transverse modes. The rapid
development on nanofabrication technologies will defi-
nitely reduce these errors and thus improve the fidelity.

In conclusion, we have demonstrated the multimode
implementation of a 2-qubit CNOT gate with transverse
mode encoding, which consists of a newly developed
multimode directional coupler and attenuator. The mea-
sured quantum state tomography shows that the entangled
Bell states were generated by the gate operation with an
average fidelity of F, = 0.89 +0.02 and that quantum
locality was violated by 10 standard deviations. Quantum
process tomography was also performed to fully character-
ize the device, which exhibited a process fidelity of
F, =0.82 £ 0.01. The device is compact and extendable
for higher dimensions, and it paves the way for on-chip
quantum information processing with multiple d.o.f.s and
higher capacity.
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