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Abstract 

Space-division multiplexing (SDM) is a promising technology for significantly increasing the capacity of 

a single fiber or waveguide. Various SDM fibers, including few-mode fibers (FMFs), multi-core fibers 

(MCFs), and orbital angular momentum fibers (OAMFs), demonstrate distinct advantages in fiber links, 

driving a prevailing trend toward their parallel utilization. Photonic integrated circuits extend SDM from 

long-distance fibers to chip-scale interconnects. However, mode-field mismatches between fibers and 

chips pose compatibility challenges. Here, we develop diverse fiber-chip couplers via fiber/3D/2D chip 

hybrid integration to achieve seamless “fiber-to-fiber” and “fiber-to-chip” mode-field conversions. Building 

on this, we integrate large-scale, multifunctional 2D silicon chips to construct a fiber-chip-fiber system 

compatible with FMF, MCF, OAMF, and single-mode fibers. This parallel communication successfully 

demonstrates 288 channels (8 spatial modes and 36 wavelengths) and 30-Tbit/s capacity. This work 

establishes a universal multi-dimensional parallelization communication architecture, paving the way for 

next-generation multi-dimensional data transmission and management. 

 

Keywords: Space-division multiplexing; hybrid integration; multi-dimensional parallelization 

communications; orbital angular momentum. 
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Introduction 

Optical communication is a critical part of global communication infrastructure, meeting the growing data 

demand1–5. While space-division multiplexing (SDM) technology utilizes orthogonal spatial/mode 

channels to significantly enhance fiber communication capacity 6–13, there has been no trend showing 

that a particular type of SDM fiber could dominate the field. Various types of fibers, such as few-mode 

fibers (FMF)14–16, multi-core fibers (MCF)17, orbital angular momentum fibers (OAMF)18,19, and others, 

each has its respective advantages in specific domains. With the development of integrated photonic 

technologies20, SDM is progressively extending from long-distance fiber-optic communication to short-

distance waveguide transmission21–23. Multimode waveguide (MMW) can also multiply capacity by 

transmitting multiple orthogonal on-chip modes24,25. Therefore, in both the present and for the 

foreseeable future, compatible solution using multiple types of fibers and waveguides will remain the 

status quo in optical communications. To meet these challenges, universal interfaces and parallel 

communications supporting various fibers and waveguides have become more essential. 

Integrated photonics can provide universal compact solutions. Despite the achievement of multi-

dimensional data transmission integrated communication systems, conventional schemes still struggle 

to deliver the tailored interfaces and required data throughput while maintaining compact structure in 

multi-fiber/chip data transmission and processing scenarios. The challenges arise from two key aspects. 

Firstly, there are a significant shape/size mismatches in various fibers and waveguide, resulting in the 

inability of direct, efficient, and low-crosstalk interconnection of various spatial channels. The most 

convenient scheme to convert a spatially distributed field is to use the commercial spatial light modulators 

26 and flexible fiber-optic devices 27, which, however, maintain their high performance with a large footprint. 

It is worth noting that fs-laser-inscribed silica chip offers excellent capability for manipulating complex 

two-dimensional optical field distributions within a compact footprint, owing to their intrinsic three-

dimensional fabrication flexibility. However, since 3D photonic chips are typically fabricated in transparent 

dielectric substrates with waveguides embedded beneath the surface, integrating conductive electrodes 

deep within the structure remains a significant challenge. Additionally, electrode routing can introduce 
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optical losses and degrade device performance, thereby limiting the realization of advanced signal 

processing functions.  

Another issue lies in the high-throughput data processing. Silicon photonics is considered to be an 

attractive signal processing platform owing to its high refractive index difference and complementary 

metal-oxide semiconductor compatibility. Recently, there have been notable advancements in the 

performance of silicon photonic signal processors, particularly in terms of throughput, reconfigurability, 

programmability, and multi-tasking. Some grating couplers and edge couplers have been proposed to 

successfully achieve coupling between fiber and chip14,15,28–38, these couplers are only used to connect 

single-mode fiber (SMF) or FMF to silicon waveguides. Silicon MCF and OAMF couplers have rarely 

been reported. Therefore, different photonic chips possess complementary advantages and limitations. 

Although interfacing these strengths of two distinct chips presents a straightforward and commendable 

strategy for overcoming their respective shortcomings, until now, such a combination has typically relied 

on multiple single-mode fibers and fiber-optic components for interconnection, thereby undermining the 

anticipated merits of integrated photonics. 

Here, we make a key step in combining these two essential integrated chips by the hybrid integration 

technologies, which not only achieve the compatibility with various fibers and waveguides, but also take 

advantage of 3D silica chip and 2D silicon chip in a compact form. Among them, the 3D silica chip 

provides efficient, low-crosstalk interfaces for various types of fibers and waveguides (OAMF, MCF, FMF, 

and MMW), therefore serving as a “bridge” between optical fibers and silicon chips. This bridging 

capability enables fiber-to-fiber and fiber-to-chip multimode field conversion. On this basis, by combining 

large-scale, multi-channel, multifunctional silicon chip, we construct a fiber-chip-fiber interconnection link 

equipped with OAMF, MCF, FMF, and SMF, featuring 288 optical management channels and a system 

capacity of 30 Tbit/s. This work provides an ideal compact platform to achieve mode manipulation and 

parallelization communications, and will accelerate the proliferation of SDM fibers and integrated 

photonics chips for the next generation of communication system.  

Results 
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Design and fabrication 

 

Fig. 1. Parallelization multi-dimensional communications in diverse space-division multiplexing fiber link using 

3D/2D chip hybrid integration. Diverse fibers include SMF, MCF, FMF, and OAMF. The fs-laser inscribed 3D chip 

is used to tailor various I/O interface for fibers and chips. The silicon 2D chip is used to manage high-throughput 

signal. MCF: multi-core fiber; OAMF: orbital angular momentum fiber; FMF: few-mode fiber; SMF: single-mode 

fiber; VOA: variable optical attenuator; ROADM: reconfigurable optical add/drop multiplexer; PIC: photonic 

integrated circuit. 

The proposed diverse parallel multi-dimensional communication is illustrated conceptually in Fig. 1. 

The design enables parallel data transport and management through multi-fiber, multi-chip, and multi- 

dimensional coordination. Multiple fibers including SMF, FMF, MCF, and OAMF, serve as the long-

distance data transmission medium, supporting multiple wavelengths. Each fiber can be directly coupled 

through the low-loss interfaces based on the fs-laser inscribed 3D SiO2 chip. The 3D SiO2 chip not only 

demultiplexes multiple spatial/mode channels of SDM fibers into arrayed single-mode channels with low 

crosstalk, but also provides an interface for silicon chips with small spot sizes. Each-channel signals are 
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guided to the 2D silicon chip, where multiple on-chip channels can also be multiplexed in multimode 

waveguides. Each channel can be manipulated individually to control the wavelength/amplitude of the 

signals by reconfigurable optical add/drop multiplexer (ROADM) and Mach-Zehnder interferometer (MZI) 

array. Building on the synergistic optimization enabled by hybrid integration technology, diverse optical 

fibers, 3D SiO2 chip, and 2D Si chip can be directly edge-coupled to leverage their respective strengths 

and compensate for their limitations. Based on this approach, the fiber-chip-fiber system facilitates 

multiple functionalities. 1) Structured light tailoring: the system enables arbitrary mode-field conversion 

not only between different fiber types but also from multiple SDM fibers to on-chip multimode waveguides. 

2) Multi-dimensional signal management: a larger-scale 288-channel ROADM is employed to implement 

dynamic interconnections in an 8-core fiber, with an MZI array used for channel equalization. 3) High-

capacity data transmission: a fiber-chip-fiber interconnection link incorporating OAMF, MCF, FMF and 

SMF is constructed, supporting 288 optical signal channels and achieving a system capacity of 30 Tbit/s. 

In this work, the implementation setup of this concept is depicted in Fig. 2b. It comprises input/output 

fiber, add/drop fiber, 3D SiO2 chip, 2D Si chip, printed circuit board (PCB). The inset of Fig. 2a shows the 

interface of input 8-core fiber in 3D SiO2 chip. By using the high-repetition-rate Ytterbium-based laser 

that provides a fs-laser beam, these interfaces are fabricated in a footprint 20 × 30 mm2 glass-substrate 

chip. Silicon chip is fabricated by the standard CMOS-compatible fabrication process with a 220 nm-thick 

silicon core. More details about the two fabrication methods can be found in Supplementary Information 

S1. Fig. 2c shows the photograph of silicon. The overall chip footprint is about 8 × 32 mm2. Fig. 2d and 

Fig. 2e display the microring array, optical attenuation array, and crossing array. All of the tuning building 

blocks are wire-bonded to a carrier PCB and controlled by a programmable control circuit for 

reconfiguration. The scanning electron microscope images in Fig. 2f highlight the details of the edge 

coupler, the multimode interferometer, and the microring, respectively. In order to conveniently test 

individual add/drop channels, single-mode grating couplers are used to test each channel separately. 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

Fig. 2. Implementation setup of 3D/2D chip hybrid integration. a Input/output fibers and their interfaces in silica 

3D chip. Inset is the interface of 8-core fiber. b Photograph of 3D/2D chip hybrid integration. c Photograph of 

silicon chip. d Optical microscopy images of microring array. e Optical microscopy images of optical attenuation 

array and crossing array. f Scanning electron micrographs of the silicon devices, showing the edge coupler, the 

multimode interferometer, and the microring. 

Structural light tailoring in fiber and chip 

Due to the exceptional 3D fabrication capabilities of fs-lasers direct writing technology, the silica chip 

offers advantages in insertion loss, size, and flexibility, while also being highly versatile. It can efficiently 

tailor various optical fields in fiber with low loss and low crosstalk. Hence, arbitrary mode-field conversion 

can be realized by introducing several high-performance components. First, we use the slit method for 

beam shaping to improve the symmetry of the waveguide cross-section, thereby achieving ultra-low-loss 

waveguides. As shown in Fig. 3a, by fixing a mechanical slit above the objective lens, the waveguide 

shape can be transformed from a long and narrow form to an approximate circular shape. This 

improvement arises because the femtosecond laser emitted from the laser source does not exhibit a 

perfect Gaussian beam profile, which in turn affects the waveguide cross-section during fabrication. As 

shown in the transmission spectrum in Fig. 3a, the transmission loss of the waveguide is reduced by an 

order of magnitude, from 1 dB/cm to 0.1 dB/cm. Low-loss waveguides serve as the fundamental building 

blocks for low-loss 3D photonic devices. Then, for multi-core fiber mode-field transformation, S-bend 
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waveguides are employed to distribute the spatial positions of the mode fields. An optimized bending 

curve is utilized to reduce mode leakage, inter-core crosstalk, and transmission loss of 3D device. As 

illustrated in Fig. 3b, the curvature of the bending curve is continuous, ensuring that the first and second 

derivatives of the waveguide's curvature function are continuous, theoretically reducing the transition 

loss to zero39,40. The detailed bending design process can be found in Supplementary Information S2. 

Based on the optimized S-bend waveguides, we fabricated high-performance 8-core MCF fan-in/fan-out 

(FIFO) devices. As depicted in the transmission spectrum in Fig. 3b, the device losses across the entire 

C-band for all channels is <2.7 dB. The crosstalk is <-36 dB across the C-band, as shown in Fig. S8. The 

transmission spectrum measurement setups for various devices can be found in Supplementary 

Information S3. Next, we utilize a photonic lantern structure to (de) multiplex various modes in MDM 

fibers. As shown in Fig. 3c, conventional photonic lanterns employ non-uniform waveguide designs due 

to varying waveguide diameters41,42. However, 3D waveguides are fabricated with a minimum loss 

diameter, and different waveguide diameters can degrade the performance of waveguide devices. Here, 

uniform waveguides and 3D trajectories are used to achieve low-loss, low-crosstalk FMF (de)multiplexing, 

by fully leveraging the 3D fabrication capabilities. Notably, we can achieve efficient, low-crosstalk OAM 

mode multiplexing and demultiplexing by modifying the parameters of the 3D trajectory. The designs for 

few-mode fiber and OAM fiber are detailed in Supplementary Information S4. Fig. 3c presents that the 

insertion loss for all channels is less than 3 dB. Notably, the loss of the fundamental mode in the multi-

mode multiplexer is lower than the higher-order modes but noticeably higher than the loss for single-

mode interfaces. As shown in the Supplementary Information S5 the corresponding mode multiplexers 

also exhibit crosstalk of <-15 dB, supporting high-speed optical communication. Finally, in addition to 

providing interfaces for various optical fibers, our 3D silica chip can also provide interfaces for silicon 

chips. As is well known, when single-mode coupling to the end face of a silicon chip, there is a significant 

size mismatch. Typically, lens fibers or tapered fibers are used to achieve a small mode-field spot size, 

reducing loss. Here, we utilize the fs laser to compress the spot size directly on the chip, as shown in 

Fig. 3d. Usually, single-mode waveguides are fabricated by multiple direct writing steps with slight offsets. 
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In this case, we gradually focus the waveguide to a single point, thereby efficiently coupling it to the 

silicon chip. The transmission spectra in Fig. 3d show that the simulation and measurement coupling 

losses of the 2D/3D chip are lower than 1.6 dB and 2 dB in the C-band, respectively. 

 

Fig. 3. Basic building blocks characteristics for structural light tailoring. a Fabrication diagram, waveguide cross 

section, and transmission spectra of the fs-laser inscribed 3D waveguide with or without slit. b Structural diagram 

of S-bend waveguide with or without optimization and measured transmission spectra of the 8-core FIFO coupler. 

c Structural concept of uniform photonics lantern and measured transmission spectra of the FMF/OAMF 

(de)multiplexers. d Structural diagram and transmission spectra of mode-compressing waveguide by using a taper 

structure in 3D photonics chip. e Conceptual drawings of mode-field conversion between 8-core MCF, 3-mode 

FMF, 3-mode OAMF, 2 SMFs. f Measured cross-section intensity profiles of the input 8-core MCF and output FMF 
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(LP01, LP11a, LP11b), 3-mode OAMF (OAM0, OAM1, OAM-1), 2 SMFs. g Conceptual drawings, h measured transmission 

spectra, and i,j crosstalk matrix of mode-field conversion between fiber modes (LP01, LP11a, LP11b, OAM0, OAM1, 

OAM-1) and waveguide modes (TE0, TE1, TE2, TM0, TM1, TM2). i,j correspond to wavelengths of 1550nm and 

1530nm respectively. 

To demonstrate arbitrary structured light field conversion in optical fibers, we present in Fig. 3e a 

structural diagram of mode-field transformations among an 8-core MCF, 3-mode FMF (LP01, LP11a, LP11b), 

3-mode OAMF (OAM0, OAM1, OAM-1), and 2 SMFs. Based on these fundamental building blocks, an 

integrated 3D silica photonic chip is fabricated incorporating an 8-core FIFO device, a 3-mode LP mode 

(de)multiplexer, a 3-mode OAM (de)multiplexer, and two single-mode interfaces. All multimode ports are 

located on one side of the chip, while the demultiplexed single-mode outputs are placed on the opposite 

side. The single-mode output ports are spaced at 127 µm, enabling efficient coupling with commercially 

available fiber arrays. Each single-mode port is equipped with a tapered waveguide to compress the 

mode field diameter, facilitating low-loss coupling with silicon waveguides. Notably, silicon waveguides 

can provide compact, low-loss 90° bending structures that are challenging to achieve in 3D glass-based 

platforms. As in our previous work15, incorporating multi-channel non-blocking optical switches enables 

reconfigurable mapping and conversion of structured light fields. Thus, each core channel of the 8-core 

fiber can be dynamically mapped onto various higher-order or fundamental modes in other fibers. 

Tailored 3D chips can be designed and fabricated to enable the desired spatial light field conversion. Fig. 

3f shows measured cross-sectional intensity profiles of the input 8-core MCF and output FMF, OAMF, 

and two SMFs. Interference patterns of the OAM modes are also included, confirming the device’s ability 

to precisely manipulate and interconvert diverse structured optical fields among different fiber types. As 

shown in Fig. S10 (Supplementary Information S6), the transmission spectra for various fiber conversion 

exhibit an insertion loss less than 9 dB and crosstalk below –13 dB throughout the C-band.  

Furthermore, as illustrated in Fig. 3g, our integrated devices allow for mode conversion not only 

between fibers but also between fibers and silicon multimode waveguides. With on-chip mode 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

(de)multiplexers, multiple structured light fields can be directly coupled into and out of silicon photonic 

circuits. The silicon multimode waveguide has a width of 1.2 μm and a height of 0.22 μm. Fig. 3h displays 

the transmission spectra of the three LP modes, three OAM modes, and six directly converted modes 

on-chip, showing insertion losses below 5.5 dB across the entire C-band. Fig. 3i and Fig. 3j report mode 

crosstalk levels below –13 dB at both 1530 nm and 1550 nm. Fig. S10 shows that crosstalk remains 

below –13 dB across other wavelengths, demonstrating broadband operational stability. 

Large-scale multifunctional silicon chip 

Silicon photonic signal managers, with their vast bandwidth, high refractive index contrast, compactness, 

and robust information security, have ushered in a new era of information management. With the aid of 

tunable components, programmable photonic signal managers can perform various signal management 

tasks, thereby establishing a multifunctional hardware platform. Among these components, the MZI, 

consisting of two 2×2 power splitters and a phase shifter, is one of the key tunable elements. It can be 

used to construct multi-channel optical switches15, MIMO processors16, unitary matrices, quantum 

gates43, and more, thereby driving the miniaturization of fields such as optical communication, optical 

computing, and quantum computing. In this work, we employ the MZI as an optical attenuator array to 

achieve optical power balancing. Fig. 4a shows the measurement results of the MZI device, which 

demonstrate insertion loss of less than 1 dB and crosstalk below -22 dB. Based on this MZI array, we 

can also selectively attenuate different spatial channels. As illustrated in Fig. 4b, we can independently 

attenuate one channel, two channels, or four channels. In addition to managing spatial channels, the 2D 

silicon chip can also perform wavelength management using micro-ring resonators (MRRs) based on its 

own resonant characteristics. As shown in the inset of Fig. 4c, the wavelength-selective switch uses 

elliptical micro-rings with adiabatically varying radii and core widths44. In the coupling region, a relatively 

large bend radius and narrower waveguide width are designed to achieve sufficient coupling efficiency, 

while a smaller bend radius and wider core width are used to reduce bending losses and cavity length. 

The shortened cavity length helps achieve a free spectral range (FSR) of ~26 nm, supporting 36 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

wavelengths with channel spacing of ~0.4 nm (~50 Ghz). Unlike traditional MRR optimized for critical 

coupling, this design slightly reduces the spacing between the coupling waveguides to enhance coupling 

efficiency, thereby achieving an "under-coupled" state. In this under-coupled state, the 3-dB bandwidth 

of the resonant peaks can be broadened with a slight sacrifice in insertion loss, facilitating higher-speed 

signal processing. A detailed 3-dB bandwidth analysis of the MRR is provided in Supplementary 

Information S7.  

 

Fig 4. Large-scale 2D silicon ROADM. (a) Measured transmission spectra of MZI switch when the state is “on” or 

“off”. The insets are the structural diagram. (b) Measured intensity profiles of 8-core fiber when zero, one, two, 

or four channels are attenuated. (c) Structural diagram of micro-ring resonator. (d) The measured drop spectra of 

eight arrays of 36 cascaded micro-ring resonators with thermo-optical tuning. 

Fig. 4d displays the transmission spectra of 8 tuned micro-ring resonators within a 36 micro-ring array, 

demonstrating their ability to effectively manage signals across 288 wavelengths. The inconsistency in 
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MRR insertion loss originates from two main factors. First, the cascaded structure inherently causes the 

loss at the resonant wavelength to increase along the chain. Second, the MRR insertion loss is extracted 

by subtracting the losses of other components from the total link loss, and the cumulative effect of 

fabrication-induced variations across different channels contributes to a power fluctuation of 

approximately 2 dB in the MRR response. 

Diverse fiber-chip parallelization communications 

Finally, we demonstrate an optical fiber-chip-fiber parallel communication system compatible with 

various fiber types. Based on these devices, we further build a diversified system, achieving 288-channel, 

30 Tbit/s multidimensional data transmission and management. Figs. 5a-c show the complete 

experimental system for multidimensional data transmission and management, which consists of three 

main parts: a wavelength-division multiplexing (WDM) signal transmitter with 16-level quadrature 

amplitude modulation (QAM), the fiber/3D/2D hybrid integration system, and a coherent optical receiver 

followed by digital signal processing. At the transmission end, 36 wavelength-tunable external cavity 

lasers (ECLs) serve as the optical signal carriers, with wavelength spacing of 0.4 nm/50 GHz. To emulate 

practical communication scenarios, the 36 ECLs are divided into odd and even groups, and a four-

channel arbitrary waveform generator (AWG: Keysight M8199A) is used to drive two in-phase/quadrature 

(I/Q) modulators to independently modulate 28-GBaud 16-QAM signals. To prevent the underestimation 

of bit-error rate (BER) in the WDM system, an optical delay line is employed to decorrelate the odd and 

even optical signals. Alternatively, a 100G optical frequency comb can be used between the two channels 

to reduce the size of the transmitter. The modulated odd and even signals are combined through a 50:50 

optical coupler (OC) and amplified by a C-band EDFA. Subsequently, the 36-channel WDM signals 

(wavelength range from 1530.2 nm to 1544.2 nm) are transmitted to the FMF-chip data transmission and 

signal management system, as shown in Fig. 5d. The observed non-uniform channel spacing, resulting 

from laser tuning inaccuracies, directly contributes to performance fluctuations in inter-wavelength 

crosstalk and BER. The amplified WDM signal is divided into eight parts and further decorrelated via 
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different optical delay lines. Eight EDFAs are used to compensate for the losses in the fiber-chip-fiber 

system. The maximum loss for the dropping function system is 25 dB, consisting of the following 

components: a silica fan-in chip (< 3 dB), an 8-core fiber segment (< 1 dB), a hybrid integrated coupler 

(< 4.5 dB), a silicon MZI (< 1 dB), an MRR array (< 9 dB), a grating (< 4.5 dB), and multiple bends and 

crossings (< 2 dB). For the adding function system, the maximum loss is 27.5 dB. Compared to the 

dropping system, the adding system exhibits an extra 2.5-dB loss due to the 1.2-cm-long waveguide loop 

integrated in the silicon chip. These eight channels are multiplexed into eight different cores of an 8-core 

fiber using silica photonic FIFO devices. After transmission through the 8-core fiber, the high-capacity 

signal is coupled into the silicon chip using customized edge couplers. Next, an MZI switch array is used 

to balance channel losses. Therefore, the 288-channel signals can be flexibly extracted from the 2D 

photonic integrated circuits and sent to the integrated coherent optical receiver and local oscillator (LO). 

A real-time oscilloscope (Keysight UXR0594) is used to sample and store electrical signals from the 

coherent optical receiver for offline DSP and BER evaluation. The offline DSP includes signal resampling, 

IQ non-orthogonal compensation using the Gram-Schmidt orthogonalization process, linear equalization, 

frequency offset estimation and carrier phase recovery. In addition to signal dropping, external signals 

can also be added to the communication system through micro-ring resonators. Similarly, the MZI array, 

acting as an equalizer, can manage signals in individual spatial channels. Finally, the signals from these 

eight spatial channels can not only be coupled into the eight-core fiber through the 8-core-fiber FIFO 

devices but also be coupled into different fibers through the fiber/3D/2D hybrid integration coupler (3 LP 

modes, 3 OAM modes, 2 base modes). Notably, only two fixtures are used to secure two fibers (one 

input, one output), but in practice, more fiber arrays can be provided to customize multi-fiber input-output 

systems. 

To demonstrate the data throughput, we asynchronously demultiplexed, received, and tested each 

spatial/wavelength channel in the multi-fiber/3D/2D hybrid integration fiber-chip system. Fig. 5e shows 

the BER test results for all 288 channels in the 8-core fiber data transmission and management scenario. 

The results show that the BER for each channel is below the 7% forward error correction (FEC) threshold 
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of 3.8 × 10⁻³. Fig. 5f shows the relationship between the BER and the received optical signal-to-noise 

ratio (OSNR) for the eight different wavelength spatial channels extracted from the silicon ROADM 

system. To simplify and ensure comprehensiveness, we select six mode channels: #8 (channel 1), #7 

(channel 6), #6 (channel 11), #5 (channel 16), #4 (channel 21), #3 (channel 26), #2 (channel 31), and #1 

(channel 36). It is clear that the BER curves for these six selected channels consistently stay below the 

7% FEC threshold, even in the presence of mode-to-mode and wavelength-to-wavelength crosstalk. 

When the OSNR exceeds 21 dB, the performance remains stable. Compared to the backhaul 

transmission performance of each channel, the OSNR penalty for the six selected channels in the FMF-

chip system is less than 5 dB under the 7% FEC threshold. For the adding functionality, we choose a 

multi-fiber scenario to demonstrate the observed OSNR penalty, with results showing that the penalty for 

all eight spatial channels remains below 7 dB, as shown in Fig. 5g. Notably, the OSNR penalty for the 

base mode channels is slightly lower than that for the higher-order mode channels due to increased 

mode crosstalk in the latter. Fig. 5h presents the BER test results for all 288 channels in the multi-fiber 

data transmission and management scenario, showing that all BER values remain below the 7% FEC 

threshold. The inset shows the typical constellation diagram for the 16-QAM signal, highlighting the 

excellent performance. Therefore, the proposed multi-fiber data transmission and signal management 

system successfully achieve total transmission rate of 30.15 Tbit/s (28 Gbaud × 4 bits per symbol × 8 

spatial modes × 36 wavelengths / (1 + 7%) ≈ 30.15 Tbit/s). 
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Fig. 5. Diverse fiber-chip parallelization communications. The experimental setup for (a) the transmitter, (b) the 

diverse fiber-chip parallelization system and (c) the receiver. (d) An optical spectrum of 36-wavelength WDM 

signals with ~ 50 G channels spacing (from 1530.2 nm to 1544.2 nm). (e) The measured BERs of all 288 dropping 

channels for dropping function. (f) Measured BER vs. OSNR curves for 8 cores of different wavelengths. (h) The 

measured BERs of all 288 dropping channels for adding function. (g) Measured BER vs. OSNR curves for 8 spatial 

channels of different wavelengths. The inserts in (e) - (h) are the typical constellations of 16-QAM signals. ECL: 

External cavity laser; DL: Delay line; PC: Polarization controller; OC: Optical coupler; AWG: Arbitrary waveform 
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generator; EDFA: Erbium-doped fiber amplifier; VOA: Variable optical attenuator; TF: tunable filter; Co.Rx.: 

coherent receiver; LO: local oscillator. 

Discussion 

In summary, we have proposed a diverse fiber/3D/2D hybrid integration solution that enables direct 

interfacing between various fibers and chips. Due to the 3D processing capabilities of femtosecond lasers, 

the SiO₂ structures we fabricated can precisely cut high-performance SDM fiber interfaces, as well as 

provide low-loss interfaces for silicon photonic chips. This fiber/3D/2D hybrid integration not only 

facilitates the easy conversion of modes within fibers but also enables the conversion between fibers and 

chip multimode waveguides. Additionally, we have fabricated a large-scale, multifunctional 2D silicon 

chip to manage spatial and wavelength signals, featuring 288 signal channels. With these key 

components, we construct a diverse fiber-chip-fiber parallelization communication system that is 

compatible with multi-core fibers, few-mode fibers, vortex fibers, and single-mode fibers. By transmitting 

28-Gbaud 16-QAM signals, our diversified fiber-chip system achieves a groundbreaking data 

transmission and management capability of 30 Tbit/s. We believe this demonstration provides a scalable 

architecture for multidimensional data transmission and management in next-generation optical 

communications. 

While this fiber-chip optical transmission and management system has achieved significant increases 

in channel count and system capacity, it still falls far short of the scale and capacity of multi-dimensional 

optical transmission systems using bulk components11,45–49. A detailed comparison of the tables can be 

found in Supplementary Information S8. Looking ahead, with the continuous advancement of integrated 

photonic technologies, the throughput of fiber-chip interfaces and photonic processing devices holds the 

potential to eventually rival the capacity of optical transmission systems based on bulk optical 

components. Realizing direct and efficient interconnection between various optical fibers and silicon 

chips requires the development of a greater number and higher-order (de)multiplexers, minimizing 
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channel loss and crosstalk. For the approach that increases channel count via core-division multiplexing, 

3D silica chips can leverage the excellent fabrication capabilities of femtosecond laser direct writing 

technology to realize FIFO device for high-core-count fibers (e.g., 19-core or 24-core fibers)50,51. Higher-

order mode multiplexer can be implemented through specialized structural designs52,53. Managing such 

a large number of channels requires more optical management equipment, which may necessitate further 

improvements in the performance of integrated optical management components. In the wavelength 

dimension, parameter optimization is expected to allow 3D silica devices to operate across the entire 

C+L band. Furthermore, the smallest reported MRR currently shows a FSR of 93 nm, enabling the 

process of more wavelengths through cascading54. Crucially, the design of the silicon chip can be 

optimized to eliminate polarization dependency, achieving polarization-independent optical management 

and thereby increasing the overall data throughput55. Therefore, by integrating these numerous cutting-

edge technologies, the realization of Pbit/s fiber-chip optical transmission and processing systems is a 

foreseeable prospect. 

Real-time configuration of silicon photonic processors is crucial for fiber-optic communication systems, 

as the demands of optical clients dynamically adjust according to practical applications and varying 

external environments56. Under conditions of slight disturbances, the mode and polarization dimensions 

in optical fibers exhibit greater sensitivity than the wavelength dimension: disturbances readily induce 

optical power coupling between spatial modes, leading to inter-mode crosstalk and altered dispersion 

properties. Such disturbances can trigger dynamic polarization mode dispersion and rapid polarization 

state rotation, resulting in failure of polarization demultiplexing at the receiver and decision errors. The 

combined effect of these factors significantly increases the BER, thereby limiting communication 

transmission capacity. Fortunately, the progressive self-configuration method with feedback has been 

demonstrated to be a straightforward and efficient approach for demodulating single-fiber optical fields 

57,58. This method is capable of handling arbitrary mode evolution and polarization rotation following fiber 

transmission. Notably, when employing thermo-optic phase shifters, the configuration speed of photonic 

processors can reach approximately 10 microseconds59,60, while the use of electro-optic phase shifters 
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enables sub-nanosecond reconfiguration speeds. These advances pave the way for the future real-time 

management of high-dimensional fiber systems through integrated photonic processors, offering a 

promising solution to address dynamic fiber disturbances61. 

 

Methods 

Femtosecond-laser fabrication. The 3D silica chip is processed using femtosecond laser fabrication 

technology, employing a high-repetition-rate Ytterbium-based laser (wavelength: 1030 nm, repetition rate: 

200 kHz, pulse duration: 234 fs). The femtosecond-laser, with linear polarization, is focused vertically 

approximately 50 μm below the top surface of the silica photonic chip using a 50× 0.42 objective lens. A 

linear slit is used to modify the laser beam profile, enabling the inscription of low-loss circular waveguides 

in the glass. Additionally, waveguides with multiple scanning passes are introduced to enhance the 

refractive index contrast and improve the waveguide's smoothness. The femtosecond-laser inscription 

speed is maintained at a constant rate of 0.2 mm/s. The refractive index contrast of the resulting 

waveguides is approximately 0.3%. 

Silicon chip Fabrication. The 2D silicon photonic chip is fabricated using a CMOS-compatible process 

on a silicon-on-insulator (SOI) substrate, which features a 220-nm-thick top silicon layer and a 2-μm-

thick buried oxide layer. Device patterns are defined using electron-beam lithography (EBL), followed by 

dry reactive-ion etching to achieve etch depths of 70 nm and 220 nm. A 1.2-μm-thick SiO2 cladding layer 

is then deposited to protect the photonic circuits. For metallization, a titanium (Ti) layer is used for local 

heat generation, while aluminum is employed for electrical signal routing. To protect the electrode pads, 

an additional SiO2 layer is deposited, and a final set of deep ultraviolet (DUV) lithography and reactive 

ion etching (RIE) processes are applied to remove the dielectric material from the pads. 

Measurements. For multimode silicon devices on the chip, a set of mode multiplexers and 

demultiplexers are used to prepare and demodulate higher-order waveguide modes. These mode 
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multiplexers/demultiplexers are similar to other single-mode devices and are interconnected with single-

mode fibers through either end-face coupling or grating couplers. For 3D SiO₂ chips, devices with 

multimode ports require two identical devices and shorter fibers to form an interconnection system for 

testing. For devices containing only single-mode channels, measurements are taken via single-mode 

end-face coupling. In all chip tests, a tunable laser (Santec TSL-710) is used as the light source, covering 

the C-band, and its polarization state is adjusted using a polarization controller. Finally, the optical signal 

is monitored using an optical power meter (PMSII-A). The detailed setup information can be found in 

Supplementary Information S3. 

Data availability: The data that supports the plots within this paper and other findings of this study are available 

on Zenodo (https://doi.org/10.5281/zenodo.18241349). All other data used in this study are available from the 

corresponding authors upon request. 
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