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Quantum superdense coding provides a compelling solution to enhance the channel capacity
compared with classical coding, which plays a vital role in quantum networks. However, the realization
of adegenerate high-dimensional entangled state with high fidelity has remained an elusive challenge,
limiting improvement in channel capacity. Here, we have demonstrated a 16-mode quantum process
photonic chip and experimentally validated a degenerate eight-dimensional quDit entangled state with
a fidelity of 0.973 + 0.002. Moreover, we propose an efficient Bell state measurement method to
distinguish eleven orthogonal Bell states in eight-dimensional quantum superdense coding.
Leveraging the high-quality features of our quantum photonic chip, we have achieved an
unprecedented channel capacity of 3.021 + 0.003 bits, highlighting the largest channel capacity to
date. Furthermore, our method presents a remarkable quantum advantage over classical schemes,
the latter of which can only transmit a maximum of 3 bits in the environment without any noise. Our
findings not only open up a new avenue for integrated quantum information processing, but also
contribute significantly to the advancement of multidimensional technologies, facilitating the

establishment of practical, high-capacity quantum networks.

Quantum superdense coding protocol** holds immense significance in the

realm of quantum communication, providing a highly effective means to
improve the channel capacity. In classical communication operating within
a two-dimensional space, the maximum channel capacity achievable when
transmitting a single particle is restricted to 1 bit. However, in the quantum
domain, by leveraging an entangled quantum Bell state shared between
Alice and Bob prior to the communication, Alice can locally manipulate her
qubit, generating four orthogonal entangled Bell states, and subsequently
send her qubit to Bob. Upon receiving the transmitted qubit, Bob can
perform a complete Bell state measurement (BSM) to distinguish all four
states. Remarkably, this quantum approach enables a channel capacity of 2
bits to be attained even when only a single particle is sent within the
quantum system.

Quantum superdense coding has been demonstrated in different sys-
tems, including photonic’”, atomic®, and nuclear systems’. Photons are

particularly well-suited for quantum communication due to their high
transmittance speed and low transmittance loss in optical fibers, making
them ideal candidates for long-distance communication compared with
solid qubits. However, in optical systems, achieving a complete Bell state
measurement solely with linear optics is challenging'®"', resulting in
experimental channel capacity that is always lower than 2 bits. By com-
bining different degrees of freedom (DoFs), it becomes possible to achieve a
complete Bell state measurement for a single DoF, consequently increasing
the experimental channel capacity*’. Since the channel capacity'” is only
determined by the fidelity of the whole system and the number of distin-
guishable Bell states, increasing the dimension of the Hilbert space for the
quantum entangled state is an effective method. Leveraging the N-dimen-
sional Bell state enables a maximum channel capacity of 2log, N bits when
the N? orthogonal Bell states are distinguished. Figure 1a shows the reali-
zation of the high-dimensional quantum superdense coding protocol, which
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(Alice) Generation of degenerated high-dimension Bell state

Fig. 1 | Quantum photonic chip for the realization of eight-dimensional quantum
superdense coding. a The scheme of high-dimensional quantum superdense cod-
ing. b A dual-wavelength pump beam is injected into the photonic chip and sepa-
rated into 16 paths to generate the weak single-mode squeezed states. Through the
interference between the squeezed states, eight-dimensional Bell states for two
photons (denoted as a and b) are generated. Subsequently, it is injected into a

(Bob) High-dimension BSM

16-mode unitary matrix which is composed of 120 MZIs for realizing the Bell state
measurement. The heaters are precisely controlled by a current controller. The two
photons are then injected into the superconducting nanowire single-photon
detectors. Each MZI consists of two phase shifters and two multimode inter-
ferometers (MMI) ¢ Photograph of the fabricated quantum photonic chip.

is composed of three parts: (1) the initial step involves generating a
degenerate, high-dimensional entangled state between Alice and Bob. The
degenerate photon pair sources shared by Alice and Bob are of the same
wavelength, enabling the interference between the two photons, which is
important to realize the Bell state measurement in the dense coding pro-
tocol. (2) Subsequently, Alice performs a local operation on her quDit to
prepare the orthogonal, high-dimensional Bell states, which are used for the
information encoding process. Then she sends the encoded quDit to Bob.
(3) In the final step, Bob carries out a high-dimensional BSM to distinguish
among these states after he receives the encoded quDit from Alice.

High-dimensional entanglement has been achieved in various photo-
nic systems, such as paths'*"*, orbital angular momentum (OAM)">', time-
bin", and frequency-bin'®. It shows that high-dimensional entangled states
hold significant potential in the fundamental research of quantum infor-
mation processing, particularly in quantum communication”. However,
the endeavor to implement large-dimensional systems to enhance the
channel capacity of superdense coding further and construct a highly effi-
cient quantum network encounters numerous challenges. The primary
challenge lies in mitigating the noise introduced during the preparation of
high-dimensional Bell states or the transmission channel, as this noise
substantially reduces the achievable channel capacity. In previous research
on generating high-dimensional Bell states on photonic chips™~’, the Bell
states produced were non-degenerate, meaning that the two photons had
different wavelengths. This makes them unsuitable for achieving the perfect
interference necessary to distinguish the encoded Bell states. Additionally, a
significant challenge is developing robust methods for constructing high-
dimensional Bell state measurements that can effectively discriminate most
orthogonal Bell states. Therefore, it is crucial to create a high-fidelity,
degenerate, high-dimensional entangled state and establish a stable, precise
network infrastructure to minimize noise.

With the advancement of quantum-integrated photonic chips,
increasingly intricate circuits have been realized, showcasing their potential
in quantum information processing’ . However, high-dimensional

superdense coding has yet to be realized. Moreover, conventional bulky
optical setup has weaknesses such as poor compatibility, low stability, large
size, and poor programmability. Using a silicon-based photonic chip, pre-
cise adjustments to each heater enable accurate and high-fidelity qubit
operations, thereby providing a viable avenue for realizing high-
dimensional quantum superdense coding with high compatibility, stabi-
lity, compactness, programmability, and large scale.

In this paper, we propose a scheme to realize an eight-dimensional
BSM using a 16-mode unitary matrix capable of distinguishing eleven Bell
states. Our approach yields a maximum channel capacity of 3.46 bits.
Subsequently, a universal programable photonic chip was fabricated with
high precision for the eight-dimensional quantum superdense experiment,
which comprises a high-dimensional Bell state generation part, an encoding
part for Alice, and a BSM part for Bob. Through the implementation of this
quantum photonic chip, we performed the high-dimensional dense coding
experiment and achieved a channel capacity of 3.021 + 0.003 bits, which, to
the best of our knowledge, is the highest reported capacity thus far. For
classical communication in eight-dimensional space, a maximum channel
capacity of 3 bits can be achieved only in the environment without any noise
when sending one particle. Thus, our proof-of-principle demonstration of
high-dimensional quantum superdense coding showcases the quantum
advantage over classical coding. This accomplishment holds significant
importance for future advancements in high-precision experiments on
quantum photonic chips, paving the way for further quantum applications
in high-capacity quantum networks and quantum communications.

Results

Experimental setup

Here, alarge-scale 16 X 16 quantum photonic chip on a silicon platform, has
been specifically designed and fabricated for eight-dimensional quantum
superdense coding. The quantum photonic chip comprises various essential
components, including 16 spirals responsible for generating weak squeezed
states through the process of spontaneous four-wave mixing (SFWM), 16
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asymmetric MZIs (AMZIs) for filtering the pump beam, 319 multimode
interferometer beam splitters, and 272 thermo-optic phase shifters for
precise control as shown in Figs. 1b and 1c. The chip is packaged with a
combination of optical, electronic, and thermal components, utilizing high-
density electrodes mounted to a printed circuit board (PCB) through
double-line wire-bonding techniques. A fiber array (FA) is utilized to couple
light out of the chip, and a water-cooling temperature controller is inte-
grated beneath the chip for efficient temperature regulation.

Generation of degenerate high-dimensional Bell state. A dual-
wavelength pump beam with different wavelengths of 1546.8 nm and
1553.2 nm is illuminated into the quantum photonic chip*. The beam is
then separated into 16 paths, internally interconnected by 16 spirals in
each path. By adjusting the angle of the input MZI, we ensure that the
intensities in each path are uniformly distributed. Through the SFWM
process in the silicon nano waveguides, 16 single-mode squeezed states at
the wavelength of 1550 nm with equal squeezed parameters are generated.
The pump beam is then filtered by the AMZIs, ensuring that only the
single-mode squeezed state is left. For the adjacent two paths 1 and 2, a
two-photon state |1)|1) is generated at these two paths after passing
through a 50:50 beam splitter when the relative phase between the two
paths is 77/2 due to the reverse Hong-Ou-Mandel (HOM) interference
(see Supplementary Note 1 for more details). By employing the same
method, the other seven |1)|1) states for the remaining 14 paths are
achieved. Due to the coherent superposition of the states, we can obtain an
eight-dimensional ~ state  |¢) = (lagby) + la;by) + la,b,) + |asbs)
+layb,) + lasbs) + laghs) + |a;b,))/2+/2. In this scheme to demon-
strate the high-dimensional superdense coding protocol, we choose eleven
Bell states that are deterministically distinguished, which are expressed as

|%> = (|a0bo> — ‘a1b1> + |a2b2> — |a3b3> + {a4b4> - |a5h5> + ‘a6bﬁ> - |a7b7>)/2\/i

[v1) = (Jaobo) + |arby) = |asb,) — |asbs) + |a,by) + |asbs) — |asbs) — |a;b;)) /232

|W2> = (|a0b0> - ‘albl> - |a2b2> + |a3b3> + {a4b4> — |a5h5> - ‘a6b6> + |a7b7>)/2\/§

[¥5) = (Jaobo) + |arby) + [asb,) + |ashs) — [asb,) — |ashs) — |agbs) — |asb;)) /272

[va) = (Jagbo) — |ayby) + |asb,) — |asbs) — |a,by) + |ashs) — |agbe) + |a;b;)) /232

!u/5> = (|a0bo> + ‘alhl> — |a2b2> - |a3h3> - |a4b4> - |a5h5> + ‘a6b6> + |u7b7>)/2\/i

[v6) = (Japbo) = |arby) = [asb,) + |ashs) — [asby) + |asbs) + |agbs) — |asb;)) /272

{w7> = (|a0b4> + ‘a1b5> + |a2b6> + |a3b7> — {a4b0> — |a5b1> - a6b2> - |a7h3>)/2«/§
[vs) = (lagbs) — |a1bs) + |asbg) — |asbs) — asby) + |asby) — |agb,) + [asbs)) /24/2

[wo) = (Jaobs) + |arbs) = [asbs) — |ash;) — [asby) — |ash,) + [agh,) + |a;bs)) /272

[¥10) = (lagbs) = [a1bs) — |azbg) + |asb;) — |asby) + |asby) + |aghy) — |asbs)) /2v/2

To generate the eleven orthogonal high-dimension Bell states, Alice
needs to perform the local operations in the state |¢). By adjusting the

phase shifters to introduce the corresponding phases for the
pathsa(i =0,1,...,7), the Bell states |y,)(i=0,1,2,...,6) are con-
structed. For example, by adding the corresponding phases 7 on paths
a;(i=1,3,5,7), |y,) = (laghy) — la,by) + la,b,) — lasbs) + |a,by) —
lashs) + laghs) — |a,b,))/~/2 is generated. However, for constructing
the states |y,)(i = 7, 8, 9, 10), a two-step process is required. Firstly, we
need to rearrange the sequence of the modes b while keeping modes a
unchanged. The modes b is labeled as by, bs, by, b5, by, b;, b,, bs. Secondly,
we introduce the corresponding phases of 0 and n to paths g;
(i=0,1,...,7). Consequently, we obtain eleven eight-dimensional Bell
states, which represent the encoded states after Alice’s local operation.

Performing the high-dimensional Bell state measurement. After
preparing the eleven Bell states, we proceed to construct a 16 X 16 matrix
denoted as U,y = U, ® U, ® U, ® U, for the high-dimensional Bell
i _11 > /+/2 (see Supplementary
Note 2 for details). U, is the evolution matrix with the labels a,..., a,,
and b,,..., b, arranged sequentially for both the 16 input and output
modes. For the mode sequences a, b,,..., as, b;, a,, bys..., a;, bs for
ly;)(i =7,8,9), we only need to change the rows U4 according to the
input modes sequence which will result in another unitary matrix U4
(see Supplementary Note 3 for details). Considering that our chip is not
large enough to realize the protocol directly, we combine the evolution
matrix realized by MZIs on Alice’s part U, to construct a new 16 X 16

state measurement, where U, = (

unitary matrix U™ (see Supplementary Note 3 for details), which is
realized experimentally by the square decomposition”. After passing
through the unitary matrix U” ¢, the residual pump beam and other
unwanted light are filtered out by the off-chip bandpass filter, leaving the
signal photons injected into the single photon detectors (SNSPDs).
Because the eleven input Bell states give a totally different coincidence
pattern at different outputs, the desired two-photon coincidence events
are registered to distinguish them. For the linear optics, the number of the
distinguished Bell states with our method for the dimension of2" is
2" +2"=1 — 1, which is described in Supplementary Note 2.

Results for high-dimension dense coding

The tomography of eight-dimensional Bell states for quantum superdense
coding is experimentally performed as shown in Fig. 2. To initial the process,
we carefully prepare the Bell state by entangling them in the path degree. For
the eight-dimensional Bell state |¢@) = (layb,) + |a,b,) + |a,b,) +
lasbs) + lagb,) + |asbs) + lagbe)+ |a7b7))/2ﬁ. By precisely adjusting
the phases of heaters in our 16-mode photonic chip, we ensure that the eight
waveguide modes associated with a; (i = 0, 1, ..., 7) them are matched to
the first eight modes in sequential order. Similarly, the modes b; (i =
0,1, ...,7) are matched to the last eight modes as shown in Fig. 2a. In order
to improve the overall system quality for the quantum superdense coding,
the probability for single pair generation ratio via SFWM processing is set as
0.001, which means that the probability of the multipair emission can be
neglected (see Supplementary Note 4 for details). An interference visibility
0f 0.994 £ 0.009 is obtained by testing the interference quality by changing
the input phases between the two input squeezed states and injecting them
into the 50:50 beam splitters as shown in Fig. 2b. Subsequently, we perform
the measurements on modes a and b in the joint bases {}ai>,
(la)) +1a))/v/2, (la;) + ila))/v/2} G, j=0, 1, ..., 7, i#j) and {|b,),
(1b)) + |bj))/\/§,(|bi) + ilbj))/ﬁ} (i,j=0,1,...,7,i #j). This allows us to
obtain a total of 4096 data points which is sufficient for us to calculate the
fidelity for the high-dimensional Bell state (see Supplementary Note 5 for
details). For the eight-dimensional Bell state, the 64-density matrix elements
Pii Jj(i, j=0,1,..,6,7) are important for the calculation of fidelity which
can be obtained as shown in Fig. 2¢. Similar operations are also performed
for 2- and 4-dimensional entangled states (see Supplementary Note 5 for
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Fig. 2 | Experimental results for matrix tomography of high-dimensional

Bell state. a The scheme for performing the tomography process. Modes a and b are
initially separated and rearranged, and then the measurement of different bases is
performed individually. b The generation of a single photon pair by interfering with
two weak squeezed states. When the relative phase is set to 77/2, a degenerate photon-

pair is produced. ¢ The real parts of density matrix elements for calculating the
fidelity of the eight-dimensional Bell state are listed. The theoretical values for these
elements are 0.125. d The fidelities calculated for two, four, and eight-dimensional
Bell states. The uncertainties in the fidelities, extracted from these density matrices,
are calculated using a Monte Carlo routine, assuming Poissonian errors.
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probabilities for each input state.

details). The fidelities for the constructed Bell states for 2, 4, and 8 dimen-
sions are calculated as 0.993(2), 0.983(2) and 0.973(2) as shown in Fig. 2d.
The uncertainties in the state fidelity, extracted from these density matrices,
are calculated using a Monte Carlo routine assuming Poissonian statistics.

We then prepared the eleven -eight-dimensional Bell states
’V’i>(i =0,1,...,9, 10), along with their corresponding BSMs for demon-
strating the quantum superdense coding protocol. For each basis, the data
acquisition time is set to be 10 min to sample approximately 30,000 counts.
The resulting fidelities for each input state are shown in Fig. 3. The average
fidelity is calculated as 0.951(1). The channel capacity CC represents the
maximum attainable mutual information I(x;y) for a given set of condi-
tional probabilities p(y|x), where x is the Bell state prepared by Alice and y is

the state measured by Bob, p(x) is the generation probability for the state
preparation which is set as a constant value of 1/11. This channel capacity is
defined as:

10 10
CC=) > plylx) p(x)log

y=0 x=0

{ p(y1%) }
S0 (1) p(x)

In our experiment, the channel capacity is 3.021 £ 0.003 bits which
overcomes the classical maximum channel capacity of 3 bits. Next, we
manage to use the quantum photonic chip to transmit a specific picture

npj Quantum Information | (2025)11:49


www.nature.com/npjqi

https://doi.org/10.1038/s41534-025-01007-y

Article

Fig. 4 | Transmitting an eleven-color pie picture a
using encoded information. The number 0-9 and

the background are encoded into |y, ) to |y,,) and

transmitted from Alice to Bob. a Original eleven-

color picture with 147 X 154 pixels. b Image received

using quantum superdense coding.
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Dimensions
Fig. 5 | Comparison with previous experiments. The calculated channel capacity
via different dimensions in previous experiments for quantum superdense coding is
listed. The data points for each experiment are accompanied by their respective
references. The dashed line represents the theoretical channel capacity using our
method, where no photon number resolving detectors and no other degrees of
freedom are used.

which consists of about 22,600 pixels. The numbers 0 to 9 and the back-
ground are encoded into the eleven high-dimensional Bell states from |v,)
to |,,). The output-measured results for each input state are recorded by a
counter with their respective arriving times. The recovered picture after the
noise channel is shown in Fig. 4, exhibiting a fidelity of 0.956(2).

Discussion

It is worth mentioning that the precise assessment of the channel capacity
relies heavily on the quality of the system. To distinguish N Bell states for a
channel capacity of log,N, the noise term for each input state is pro-
portionally increased by a factor of N — 1. In addition, as the dimensions
increase, the fidelity typically decreases because more heaters are required to
be controlled precisely. Therefore, in our experiment, we choose eight-
dimensional quantum superdense coding as a proof-of-concept
demonstration.

In summary, a large-scale, programmable, and universal quantum
photonic chip incorporating a degenerate high-dimensional source part and
a high-dimensional BSM part is, for the first time, experimentally demon-
strated. Significantly, we have attained the implementation of eight-
dimensional quantum superdense coding on this quantum photonic chip
for demonstrating the quantum advantage. Through precise adjustment of
this exceptionally high-quality chip, we have achieved the highest channel
capacity to date compared to previous quantum photonic systems as shown
in Fig. 5. The utilization of high-dimensional quantum superdense coding
holds tremendous importance for a new generation of quantum
networks™”’. Our high-dimension dense coding protocol can also be used to

construct a multi-user practical quantum network when every two nodes
share high-dimension entangled states (see Supplementary Note 6 for
details). Thanks to our reliance on quantum entanglement, we not only
augment the channel capacity in comparison to classical coding methods
but also guarantee enhanced security similar to the renowned E91
protocol”’. Moreover, in the context of constructing a quantum network for
multiple users”, our approach enables enhanced resource efficiency and
compatibility with high-dimensional quantum computation”™*. Our
findings will serve as a catalyst for the improvement of integrated quantum
chip technologies and the exploration of high-dimensional entanglement,
stimulating further advancements in these pivotal areas.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Code availability
The codes for simulation and data processing are available from the cor-
responding authors upon reasonable request.
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