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Abstract Terahertz (THz) photonics technology promotes seamless in tegration with high-speed ber networks and is
expected to become a promising application area for future 6 G broadband communication. Optical ber communication en-

ables ultra-large transmission capacity and ultra-long tr ansmission distance, while wireless communication is char acterized
by exibility and wide coverage. To match the demand for larg e bandwidth, wide coverage and high mobility in future 6G
communication networks, realizing the development of larg e-capacity and long-distance photonics-aided THz communi cation
has become extremely urgent. We propose ber-THz- ber seam less integration architecture and low-loss photonic up/do wn-
conversion techniques for THz generation and reception to r ealize indoor and outdoor continuous coverage of ultra-wid eband
(UWB) THz signals in future 6G communication networks. Larg e-capacity photonics-aided THz signals can be generated by
utilizing multi-dimensional multiplexing techniques in o ptical domain and THz domain. In virtue of constellation sha ping
and coding modulation scheme for multi-dimensional modula tion formats, large-capacity ber-THz wireless integrate d trans-
mission can approach the Shannon limit of the channel. In the ber-THz hybrid channel transmission, nonlinear distorti on
and crosstalk between multi-dimensional multiplexed sign als can be suppressed or eliminated through nonlinear compe nsa-
tion and multiple-input multiple-output (MIMO) equalizat ion algorithms, respectively. Furthermore, high gain THz | enses
and ampli ers can increase the transmitted power, and multi -antenna diversity technology can improve the SNR of re-
ceived signals, thereby e ectively enhancing the coverage range of photonics-aided THz communication. Based on the ab ove
key techniques, we have achieved a series of transmission re cords: 1-Tbit/'s ber-THz- ber real-time transmission at 1 10{
500 GHz band, 1-Thit/s ber-THz o -line transmission at 330 {500 GHz band, 200-m/253-Gbit/s photonics-aided THz wire-

less transmission and 850-m/104-Gbit/s photonics-aided T Hz wireless transmission. Finally, this paper introduces t he future
prospects in key techniques for the larger-capacity, longe r-distance photonics-aided THz wireless communication.
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1 Introduction

The terahertz-band (THz-band, i.e., 0.3 to 10 THz) communication with su cient spectrum resources
becomes a promising candidate for 6G services in future, which has@sed great investigation inter-
est [1{ 10]. THz communications are attracting extensive attention in interdisciplinary elds of electronics
and photonics, which can o er hundreds of Gbit/s or even Thit/s data capacity due to its huge available
bandwidth. There are two existing methods for THz signal generaion: electronic mixing method and
photonics-aided heterodyne beating method. The electronic methd generally has high transmitted power
and can support long-distance wireless transmission, by using all-fid-state electronic mixer to generate
THz signals from low-frequency microwaves. However, its harmoniénterference, phase noise, and fre-
guency deviation are challenging, and thus the system transmissionapacity based on electronic mixing
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method is limited by the operating bandwidth and modulation e ciency o f electronic devices. The pho-
tonic method can break through the bandwidth limitations in electronic devices, by utilizing photonics-
aided heterodyne beating to generate high carrier frequency, lge bandwidth, frequency-adjustable THz
signals. In addition, due to the large free space propagation loss @natmospheric absorption loss, as well
as weak di raction and di raction capabilities, the coverage range limitations of THz waves are an issue.
Based on the photonic beating method, photonics-aided THz commuication can e ectively promote the
seamless integration of ber optic networks and wireless networkscombining the advantages of ber
optic communication in communication bandwidth and transmission distance, as well as THz wireless
communication in mobility and exible coverage. Therefore, the ber-THz wireless seamless integrated
communication technology will be the core technology for future 6Gcommunication [11{25]. Speci cally,
large-capacity and long-distance photonics-aided terahertz (TH) wireless transmission is expected to
enable several critical application scenarios. Typical use cases iincle high-speed optical ber extension
in remote or underserved regions where laying ber is impractical orcost-prohibitive. In addition, it can
support dynamic interconnections between data centers or higlperformance computing clusters, where
exible, ber-wireless links are required. The technology also o ers a rapid-deployment solution for
emergency response, temporary communication infrastructurg and battle eld networks. Furthermore,

it holds great potential for space-air-ground integrated systens, such as broadband backhaul between
satellites, high-altitude platforms, unmanned aerial vehicles, and érrestrial stations. These applications
commonly demand ultra-high data rates, extended transmission rages, and low latency, all of which
align well with the capabilities of photonics-aided THz systems.

Numerous research groups have made signi cant progress in phonics-aided THz communication. For
capacity breakthroughs, the Technical University of Denmark demonstrated a single-channel net data
rate of 131.21 Gbit/s at 408 GHz using a monolithically integrated dual-DFB laser and 16QAM-OFDM
modulation, highlighting the potential of integrated terahertz tra nsmitters [26]. Karlsruhe Institute of
Technology (KIT) achieved 200 Gbit/s over a 52-m indoor link at 300 GHz through photonic-aided THz
signal generation and fully electronic zero-IF reception 27]. Nippon Telegraph and Telephone (NTT)
developed an 8 8 Butler matrix for orbital angular momentum multiplexing combined wit h polarization
multiplexing, enabling 1.442 Thit/s wireless transmission over 1 m in the sib-terahertz bands of 143.5 and
160.5 GHz p8]. Regarding transmission distance, Osaka University demonstrat a real-time 300 GHz
wireless system using coherent photonic emitters and heterodyneceivers, achieving 50 Gbit/s over 100 m
[29]. KIT further realized 115 Gbit/s net-rate photonics-aided THz tr ansmission at 350 GHz over 110 m
using Schottky barrier diodes and Kramers-Kronig receivers19]. Osaka University further demonstrated
a 300 GHz photonics-based system with on-line digital signal proca#ng, achieving a single-carrier wireless
link of 220 Gbit/s over 214 m by employing a low-noise two-tone laser sstem and exploiting the Fresnel
region of the antenna to extend transmission distanced0]. Despite signi cant progress, photonics-aided
THz communication above 300 GHz has yet to achieve terabit-per&acond capacity or wireless transmission
distances on the kilometer scale.

Although improving the transmission capacity and distance of the plotonics-aided THz wireless com-
munication is crucial, it still faces signi cant challenges. These challeges include: limited bandwidth
of commercial optoelectronic devices that restrict the bandwidth of signal generation; high free space
propagation loss and atmospheric absorption loss of THz waves; nmig-watt level low output power from
uni-travelling photodiode (UTC-PD); nonlinear distortion and chann el fading in the ber-THz hybrid
transmission system. In recent years, our research group hasawied out a series of studies focusing
on the two characteristic requirements of large-capacity and longdistance photonics-aided THz wireless
transmission systems, conducting key technology research andethonstration system development. In
this article, we summarize the key techniques for solving the abovehallenges and achieving large-capacity
and long-distance photonics-aided THz wireless transmission, andlso demonstrate our recent achieve-
ments by using the relative key techniques, as illustrated in Table 1. he rest sections of the article are
arranged as follows. Section 2 presents the key techniques andraelated experimental demonstrations in
large-capacity photonics-aided THz wireless transmission. Sectio presents the key techniques and our
related experimental demonstrations in long-distance photonicszided THz wireless transmission. Section
4 provides the prospects for some emerging key techniques thatia be applied in the future. Section 5
gives the conclusion of this work.
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Table 1 Our studies on large-capacity long-distance photonics-ai ded THz wireless transmission.
Photonlcs—alded_ THZ Key techniques Experimental demonstration
wireless transmission
Fiber-THz- ber seamless integration architecture 1-Thit/s ber-THz- ber real-time transmission
Up/down-conversion techniques of THz photonics system at 110{500 GHz band [ 31]
Large capacity Multi-dimensional multiplexing techniques 1-Thit/s ber-THz o -line transmission system
Constellation shaping techniques at 330{500 GHz band [ 32]
Multi-antenna diversity techniques 200-m photonics-aided THz wireless transmission
) Multi-dimensional nonlinear equalization techniques system [ 33, 34]
Long distance - - - m—
850-m photonics-aided THz wireless transmission

High-gain THz lenses and ampli ers system [ 35]

THz Signal
Mux/Demux
Mux/Demux Office
Figure 1 (Color online) Application scenario of ber-THz- ber seam less integrated communication for 6G.
2 Large-capacity photonics-aided THz wireless transmissi on

2.1 Key techniques

The bandwidth of commercial optoelectronic devices, including modlator, UTC-PD, and ampli er, is
limited, making it dicult to generate UWB signals in photonics-aided THz communication system.
There are still signi cant challenges to improve the transmission cagcity of photonics-aided THz com-
munication system, especially to achieve Thit/s-level transmission apacity. This section introduces the
principle and application of key techniques to achieve large-capacitphotonics-aided THz wireless trans-
mission, including ber-THz- ber seamless integration architecture, up/down-conversion techniques of
THz photonics, multi-dimensional multiplexing techniques and constédlation shaping techniques.

Fiber-THz- ber seamless integration architecture. In order to meet the requirements of
indoor and outdoor continuous coverage for future 6G THz commaication, seamless integration of THz
wireless communication links and existing high-speed optical ber cormunication networks is necessary in
photonics-aided THz communication systems. We propose a ber-Hz- ber seamless integrated real-time
communication architecture to achieve smooth switching between Hz signals and optical signals36{40].
This system architecture realizes the generation and detection oflual-polarization THz signals based on
up/down conversion techniques of THz photonics, overcoming theimitations of solid-state electronic
devices in bandwidth, characteristic frequency, and power e ciercy and achieving ber-THz wireless
seamless integration. The application scenario of ber-THz- ber amless integrated communication for
6G is shown in Figure 1. We e ectively solve the problem of real-time pre@essing of UWB THz signals in
high-capacity THz wireless communication by reusing the commerciahigh-speed digital coherent optical
(DCO) modules. Thanks to the mature real-time generation and reeption technique of UWB optical
signals in high-speed optical ber communication, the real-time transmission rate of the highly integrated
DCO module can reach up to 800 GbE. Our proposed ber-THz wireles seamless integrated real-time
transmission architecture based on commercial DCO module combirsethe advantages of distributed
deployment of optical ber communication networks and exible access of THz wireless communication,
not only solving the problem of large-capacity THz signal coveragebut also signi cantly reducing the
implementation cost of 6G THz communication, e ectively promoting t he practical and commercial
process of UWB THz real-time communication.

Up/down-conversion techniques of THz photonics. Considering the seamless integration
of THz communication links and existing high-speed optical ber comnunication networks, we need
to achieve exible switching between THz signals and optical signals. W propose low-loss photonic
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Figure 2 (Color online) Schematic diagram of interconversion betwe en dual-polarization optical signals and dual-polarizati on
THz signals.

up/down-conversion techniques for dual-polarization THz generéion and reception. The schematic di-
agram of interconversion between dual-polarization optical signalsand dual-polarization THz signals is
shown in Figure 2. At the transmitting end of the photonics-aided THz communication system, we im-
prove the optical-THz (O-THz) conversion e ciency by optimizing th e input power and polarization state
of the optical signal and optical local oscillator before the heterayne beating in UTC-PD. In the case
of dual-polarization communication system, we optimize the polarizaton diversity structure of optical
signal and optical local oscillator by polarization controller (PC) and polarization beam splitter (PBS) to
achieve matching control of dual polarization states, develop a cmpact transparent THz-optical (THz-
O) conversion module, achieving stable and e cient low-loss converi®n from dual-polarization optical
signals to dual-polarization THz signals. At the same time, we use ortbmode transducer (OMT) to
achieve long-distance single link transmission of dual-polarization THzsignals, solving problems such
as multi-antenna alignment, inter-channel crosstalk and imbalance We optimize the height of the THz
transceiver module above ground and the antenna spacing to rede the impact of multipath re ection and
channel crosstalk on the quality of THz wireless communication. At the receiving end of the photonics-
aided THz communication system, in response to the bandwidth limitaion of existing THz electro-optic
modulators, we propose the hybrid optoelectronic down-conveiisn technique based on THz-IF-optical
transparent conversion mechanism to achieve UWB THz signal req#ion. We achieve the electro-optic
re-modulation of THz signals by optimizing the frequency and power 6the electrical local oscillator based
on the constraint relationship between the bandwidths of the electical IF signal and the optical baseband
signal. By achieving low-loss interconversion between optical signaland THz signals, the capacity of
photonics-aided THz communication systems can be improved.

Multi-dimensional multiplexing techniques. Large-capacity photonics-aided THz communica-
tion can be realized by integrating multiple multiplexing techniques. The schematic diagram of the multi-
dimensional multiplexing mechanism for large-capacity photonics-aieéd THz communication is shown in
Figure 3. We combine polarization division multiplexing (PDM) and wavelength division multiplexing
(WDM) in the optical domain with polarization division multiplexing, frequ ency division multiplexing
(FDM), and spatial division multiplexing (SDM) in the THz domain to impro ve the spectral e ciency
and transmission capacity of photonics-aided THz communication sgtem, thereby achieving Thit/s-level
large-capacity transmission system architecture. Meanwhile, multdimensional coded modulation (MD-
CM) technique can be combined with multi-dimensional multiplexing techniques to further improve the
transmission capacity. We can design advanced multi-dimensional ndulation schemes with orthogonal
coding based on multiple multiplexing dimensions, to enhance the e edteness and reliability of the
communication system.

Constellation shaping techniques. The communication capacity achieved by high-order QAM
format still has a signi cant gap compared to Shannon limit (theoretically, the maximum di erence is
about 1.53 dB). Therefore, narrowing the gap between communid#on capacity and Shannon limit has
become a research hotspot. Constellation shaping techniques cararrow this gap and bring communi-
cation capacity closer to the Shannon limit 41{43]. In photonics-aided THz communication system, the
introduction of constellation shaping techniques can improve the akievable information rate (AIR) of
signals, thereby enhancing the transmission capacity. There areaually two types of constellation shaping
techniques for QAM format: probabilistic shaping (PS) technique ard geometric shaping (GS) technique.
PS technique is a coded modulation scheme with unequal probability disibution. PS technique is to
make the probability distribution of constellation points in modulation f ormat satisfy the maximum
entropy distribution under the average energy constraint, that is, the Maxwell Boltzmann (MB) distri-
bution. It will increase the probability of the appearance of constdlation points with lower energy and
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Figure 3 (Color online) Schematic diagram of the multi-dimensional multiplexing mechanism.
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Figure 4 (Color online) Schematic diagram of the hybrid constellati on shaping technique based on autoencoder.

decrease the probability of the appearance of constellation pointsvith higher energy, thereby reducing
the average energy of the signal and obtaining shaping gain when iofmation entropy remains constant.
GS technique is aimed at shaping the position distribution of modulation format constellation points

in the constellation diagram, by changing the position interval between constellation points, to improve
the minimum Euclidean distance of the constellation. By utilizing non-uniform constellation position

distribution, an approximate Gaussian distribution is achieved to bring communication capacity closer to
the Shannon limit of the channel. In GS technique, the optimal positin distribution of constellations is

related to channel conditions. By analyzing the shaping gain obtaind by the shaped constellation under
channel conditions, the optimal position distribution is determined. We propose a multi-dimensional
modulation technique with constellation shaping for UWB THz signals. We adopt a hybrid constellation
shaping technique based on end-to-end autoencoder learning,itared to the practical characteristics of
ber-THz hybrid channels. This approach adaptively optimizes both the geometric positions and the
probability distribution of constellation points, thereby maximizing th e capacity of the photonics-aided
THz transmission system, as illustrated in Figure 4. To solve the prollem of nonlinear distortion in

ber-THz hybrid channels, we study the damage mechanism of nonliear e ects on constellation points
with high-order modulation, propose hybrid constellation shaping with pre-distortion techniques at the

transmitting end, and probability-aware post-equalization techniques at the receiving end. Aiming at the
problem of unstable convergence of polarization demultiplexing for fbrid constellation shaping signals,
a probability-amplitude-aware polarization demultiplexing algorithm is p roposed by combining neural
network autoencoder and variational inference maximum likelihood stimation method to reconstruct
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Figure 5 (Color online) Experimental setup of real-time 1-Thit/s b er-THz- ber transmission system [ 31].

the loss function and optimized objective.

2.2 Related experimental demonstration

(1) 1-Thit/s ber-THz- ber real-time transmission system at 110{500 GHz band. In refer-
ence B1], we experimentally demonstrate a 1-Thit/s ber-THz- ber real-t ime transmission system at the
110{500 GHz band by using photonic up/down-conversion techniges. Figure 5 shows the experimental
setup of the real-time 1-Thit/s ber-THz- ber transmission syst em. A 5-channel 200 GbE real-time
ber optic network is deployed, which is mainly composed of serverspptical transport units (OTUSs),
commercial DCO modules, a multiplexer (MUX) and a de-multiplexer (DEMUX). At the Tx side, the
ve-wavelength optical signal output by the MUX is transmitted to the DEMUX over 20 km SSMF.
Five groups of THz signals are simultaneously transmitted at the D-,H-, J-, and Y-bands with di erent
THz carrier frequencies, where the photonic up-conversion of djral signals to THz signals is realized
by the optical-to-THz module. After a 3 m wireless link, at the receiver side, the THz-to-optical mod-
ule converts the THz signal into optical signal, and 5-channel optial signals are transmitted through
20 km SSMF after the MUX, and then to the DCO modules for real-time processing. The network
management system (NMS) can set and monitor various parameter of the DCO modules. Commercial
CFP2-DCO modules and dual-port QSFP28 modules are equipped on #hline and client side, respec-
tively. We set each DCO module at NMS to operate in 200 GbE transmis®n mode and modulate with
31.379 GBaud DP-16QAM as the optical baseband signal. In the optial-to-THz module, the optical
signals are ampli ed by an erbium-doped ber amplier (EDFA) and pro cessed by optical heterodyn-
ing with the local-oscillator light generated by a free-running tunable external cavity laser 1 (ECL-1).
The optical signal after the EDFA and ECL-1 is combined by a polarizaion-maintaining optical coupler
(PM-OC). The X -polarization component and Y -polarization component generated by a PBS are used
to generate THz signals in a UTC-PD, respectively. It is worth noting that the operating frequency range
of the UTC-PD (model IOD-PMJ-13001) spans from 220 to 380 GHz with a minimum output power
of 18 dBm. In each optical-to-THz module, dual-polarization transmisson in the optical domain con-
structs a2 2 MIMO wireless transmission link in the THz domain. To improve the wireless transmission
performance while maintaining the wireless data rate as high as posdi, the lens horn antenna modules
we designed, consisting of a pair of dielectric lenses with 20 cm focahigth and 10 cm diameter and horn
antennas, are used in the wireless link. Two parallel THz wave signalsra then transmitted over a 3 m
wireless link. The THz frequency bands from top to bottom are arranged as 110{170, 170{260, 260{400,
260{400, and 330{500 GHz. At the J-band (260{400 GHz), we seti erent THz carrier frequencies, such
as 280 and 340 GHz.

At the receiver side, a hybrid optoelectronic down-conversion sobme is used in order to reduce the
carrier frequency and the bandwidth requirement for the modulabrs. In the THz-to-optical module,
the signal of X=Y polarization component is down-converted to IF signal by THz mixer, and then the
photoelectric modulation of IF signal is completed by dual-polarization Mach Zehnder modulator (DP-
MZM) working at the optical carrier suppression point. One optical Iter is set to lter out the lower
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Figure 6 (Color online) (a) Experimental setup of 1-Thit/s THz wirel ess transmission system. (b) Nonlinear compensation using
VQ-VAE with (c) a classical 2 2 butter y MIMO equalizer. (d) Block diagram of transmitter and receiver o ine DSP algorithms.
(e) BER vs. input power with 46 GBaud PS-64QAM with CMMA and VQ -VAE equalizers at 370 and 465 GHz [ 32].

sideband. The optical signal injected by DP-MZM is provided by ECL-2, which has the same line
width and power as ECL-1. Finally, the seamless integrated optical laseband signal is delivered over
the second span of 20-km SSMF for subsequent CFP2-DCOs redhte processing. In this system, a
line rate of up to 1.255 Thit/s signal providing 1-Thit/s net capacity w ith live tra c is simultaneously
transmitted over two spans of 20-km SSMF and 3-m wireless link unde20% SD-FEC. This is the rst
time to realize a net data rate of up to 1-Thit/s real-time ber-THz- ber transmission with simultaneous
multi-THz-band. Compared with o ine con gurations, real-time pho tonics-aided THz transmission faces
limitations from hardware-constrained real-time digital signal processing, limited front-end bandwidth,
and the complexity of stabilizing multiple lasers simultaneously. These #ctors hinder scaling the channel
count and processing complexity required for higher data rates.

(2) 1-Thit/s ber-THz o -line transmission system at 330{5 00 GHz band. In large-capacity
photonics-assisted THz wireless transmission, especially at the This level, conventional DSP equaliza-
tion algorithms can lead to unsatisfactory results for high-order PS-QAM signals. In [32], we address the
problems of numerical instability and convergence of high-order PSQAM signals by using an e cient
vector quantized variational auto-encoder (VQ-VAE) framework. Fiber-THz wireless integrated trans-
mission over 10 km ber and 10 m wireless links was successfully achievdy employing the 46 GBaud
PS-64QAM modulation and a complex-valued 2 2 MIMO equalizer for polarization de-multiplexing and
nonlinear equalization.

Figure 6(a) shows the integrated ber-THz 2 2 MIMO wireless transmission system. The system
consists of the optical baseband transmitter, the ber link, the THz wireless transmitter, the 2 2 MIMO
wireless link, and the THz wireless receiver. The MIMO structure in ou experiments is used for space
division multiplexing to realize the crosstalk suppression in the PDM sigral, especially the polarization
crosstalk in the ber. It 0 ers a point-to-point straight transmis sion and brings neither interference nor
gain, which is di erent from the traditional MIMO link de ned in the tra  ditional wireless communication.
At the optical baseband transmitter, an electrical baseband sigal is generated by AWG with 8-bit
resolution and 92 GSa/s sampling rate. The baseband electrical sigh drives the I/Q modulator to
modulate two continuous optical waves generated by tunable ECLland ECL2. The optical modulated
signals pass through a 10-km SSMF and are then coupled with the omtal LO from ECL-3 operating
at 193.1 THz. The frequency spacing between the dual-wavelengtbhannels (Chl and Ch2) and optical
LO is xed at 370 and 465 GHz, respectively. After ampli cation by ED FA, the X - and Y -polarization
diversities are achieved by PBS. Then, the conversion of optical waes to THz waves is achieved through
the UTC-PD. After the wireless link transmission, the THz beam is foaused with a pair of manually
aligned lenses to maximize the received power. At the receiver endwb THz receivers driven by an
electronic LO source operating in the 330{500 GHz band are used fathe received signal to achieve
down-conversion. Two IF signals are sampled by the digital storagescilloscope (DSO) at a sampling
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Figure 7 (Color online) The corresponding wireless links of (a) 1 1 SISO signal, (b) 2 2 channel-1 (CH-1) signal, (c) 2 2
channel-2 (CH-2) signal, and (d) 2 2 MRC signal in the THz 2 2 wireless transmission system [  33].

rate of 256 GSa/s. The proposed vector quantized variational atoencoder (VQ-VAE) method using the
classical 2 2 butter y equalizer is shown in Figures 6(b) and (c). As shown in Figure 6(d), the owchart
of the oine DSP algorithm for the transmitter and receiver focuse s on comparing the performance of
cascaded multi modulus algorithm (CMMA) and VQ-VAE equalizers. Figure 6(e) shows the BER versus
input power into UTC-PD by using CMMA and VQ-VAE equalizers at 370 and 465 GHz. Compared
with CMMA, VQ-VAE is suitable for recovering high-order PS-QAM sign als and is more robust in terms
of learning rate, frequency spacing, and modulation order. Tbhit/slevel photonics-aided THz wireless
transmission with an AIUR of 1.0488 Thit/s and a net data rate of 828 Ghit/s is successfully realized in
this system.

3 Long-distance photonics-aided THz wireless transmissio n

3.1 Key techniques

In addition to the inherent high propagation loss and sensitivity to atmospheric absorption in the THz
band, the extremely low output power of UTC-PD further limits the t ransmission distance for the
photonics-aided THz transmission. Currently, the transmission disance of photonics-aided THz wireless
systems is typically limited to several tens of meters or even just agdw meters. Therefore, it is essential to
overcome severe signal attenuation, hardware impairment, andt@annel distortion to extend transmission
distance to support practical applications. This section outlines sgeral enabling techniques that are
employed for long-distance THz communication, including multi-antema diversity schemes for obtaining
the diversity gain, multi-dimensional nonlinear equalization techniques for mitigating transmission im-
pairments, and high-gain devices for increasing output THz signal pwer, such as THz lenses and power
ampli ers (PAs).

Multi-antenna diversity techniques. MIMO technology has become a fundamental component of
modern wireless communication systems due to its ability to dramaticdly improve spectral e ciency and
transmission reliability without requiring additional bandwidth or powe r. The core idea of MIMO is to
utilize multiple antennas at both the transmitter and receiver to exploit spatial diversity and multiplexing
gains. Dierent from spatial multiplexing, which increases data rates by transmitting multiple data
streams concurrently over the same frequency band, spatial dersity enhances SNR of received signal by
mitigating fading e ects through independent transmission paths. Thus, the MIMO diversity, which is
also called multi-antenna technology, can be deployed in the photongaided THz transmission system
to increase transmission distance. For received multichannel sigits diversity gain can be achieved using
three traditional methods: selective combination (SC), equal gaincombination (EGC), and maximum
ratio combination (MRC). Among these methods, MRC is the preferred technique because it assigns a
weight to each signal based on both the amplitude and phase of thegnals from di erent channels, then
combines the signals by multiplying them with their respective weights, thereby achieving maximum
diversity gain. Figure 7 shows the corresponding wireless links of (al 1 single-input single-output
(SISO) signal, (b) 2 2 channel-1 (CH-1) signal, (c) 2 2 channel-2 (CH-2) signal, and (d) 2 2 MRC
signal in the THz 2 2 wireless transmission system33].

Multi-dimensional nonlinear equalization techniques. OFDM is widely used in optical and
wireless communications due to its ability to e ectively resist chromatic dispersion (CD) in ber optic
links and multipath interference in wireless channels, making it highly sutable for photonics-aided THz
transmission system. Nevertheless, during ber and THz wirelessransmission, it is important to com-
pensate for linear impairments such as 1/Q imbalance, polarization cosstalk, inter-carrier interference
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Figure 8 (Color online) Principle of the 4 4 real-valued MIMO TFPD-TMP-NLE [ 34].

(ICI), and inter-symbol interference (ISI) of OFDM signals. In addition, nonlinear distortions caused
by ber propagation, optoelectronic conversion, and signal ampli cation become more severe under the
high-power demands of long-distance photonics-aided THz transission scenarios. Therefore, to further
enhance the signal quality in ber-THz wireless transmission, advaiced nonlinear equalization techniques
are required to e ectively mitigate both linear and nonlinear distortio ns.

Although the Volterra series based nonlinear equalizer (VNLE) has leen proven e ective in compensat-
ing for nonlinear distortion, its computational burden rapidly increa ses with the increase in the memory
length of high-order terms. In contrast, as shown in Figure 8, thetriangular memory polynomial (TMP)
nonlinear equalizer applies trigonometric functions to the received ignal, which can e ectively perform
trigonometric functions through simple addition and shift operations, greatly reducing the required num-
ber of multiplications. Furthermore, by replacing the conventional one-dimensional vector input with
a two-dimensional matrix input during equalization, signal componerts with stronger correlations can
be more e ectively processed, thereby simultaneously mitigating linar and nonlinear distortions in the
time-, frequency-, and polarization-domain (TFPD) of OFDM signals [34].

High-gain THz lenses and ampli ers. In the THz band, signal power diminishes rapidly with
distance due to free-space path loss, atmospheric absorptionnd scattering e ects. The development
of high-gain THz lenses and low-noise ampli ers (LNAs) constitutes indamental breakthroughs in over-
coming the severe path loss X 140 dB/km) and atmospheric attenuation challenges inherent in THz
long-haul communications. High-gain THz lenses typically utilize advarced optical materials and preci-
sion shaping techniques to mitigate the e ects by enhancing the foasing and collimation of THz beams,
thereby improving the e ciency of THz wireless transmission. Meanwhile, the THz ampli ers are critical
for improving signal power, ensuring the integrity and coverage otransmitted signals.

Speci cally, THz ampli ers are typically based on semiconductor technologies or novel materials, such
as graphene, and are designed to amplify weak THz signals without imbducing excessive noise, thereby
maintaining a high SNR. The integration of high-gain THz lenses and am{i ers o ers a promising solution
for extending the transmission range of THz wireless systems. Fige 9 shows the key THz lenses and
ampli ers. The typical gain of a THz LNA is 22 dB, and the typical noise gure is 12 dB. Lens-1 at
the transmitter has a typical gain of 48.5 dBi and a diameter of 10 cm The diameter of the lenses at
the receiver is 30 cm. The typical operational range of the lensestdhe receiver is approximately up to
2 THz. Besides, the horn antenna (HA) has a typical gain of 26 dBi. h addition to employing high-gain
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Figure 9 (Color online) Photos of (a) THz LNA and lens utilized in the t ransmitter, (b) lens utilized in the receiver, (c) HA,
THz LNA used in the receiver [ 34].

lenses and power ampli ers to enhance transmitter power, incredng the output power of UTC-PDs is
also crucial.

3.2 Related experimental demonstration

(1) 200-m photonics-aided THz wireless transmission syste m. Based on the proposed multi-
dimensional nonlinear equalization technique and high-gain THz lenseand ampli ers, an experimental
demonstration of 200-m 2 2 MIMO THz wireless transmission is presented34]. As shown in Figure 10,
the baseband signal is generated by an AWG with a sampling rate of 6&Sa/s and a 3-dB bandwidth of
25 GHz. The ECL-1, operating at 193.5 THz, provides the input optical signal to the DP-1/Q modulator.
Over a 20-m SSMF link, the modulated optical signal is ampli ed by an EDFA. The modulated optical
signal is then coupled with a local oscillator operating at 193.2 THz via @ OC. Two PCs are employed to
adjust the polarization states. A PBS is used to split the coupled opical signal into two paths, which are
then directed to the corresponding UTC-PD. The two UTC-PDs generate THz signals with horizontal
and vertical polarizations, respectively, at a center frequency 5300 GHz. Before transmission into free
space, the two THz signals are ampli ed by low-noise THz ampli ers. A line-of-sight (LoS) link is estab-
lished between two pairs of antennas at the transmitter and receigr ends. Lenses are employed to focus
the THz waves and enhance the received signal power. The satelligiagram of the 200-m THz wireless
transmission link is shown in Figure 10(c). Figure 10(d) displays the plysical setup of the receiver. After
passing through the 200-m wireless link, the two received THz signalare rst amplied by the THz
LNA. Then, an integrated mixer/ampli er/multiplier chain (IMAMC) isd  eployed in each path for down
conversion of the two THz signals. The down converted IF signals a subsequently ampli ed by electric
ampli ers (EA). Finally, the ampli ed IF signals are captured by an osc illoscope (OSC) with a 59 GHz
3-dB bandwidth and a sampling rate of 128 GSa/s. For the MIMO diversity transmission experiment [33],
a single 1/Q modulator replaces the DP-1/Q modulator, and the polarization beam splitter is substituted
by an optical coupler. In this case, both UTC-PDs at the transmitter are placed horizontally to gener-
ate two horizontally polarized signals for transmit diversity, while the two IMAMCs at the receiver are
also horizontally placed to achieve receive diversity. The OSC used inhis setup has a sampling rate of
80 GSals.

Figure 11(a) shows the relationship between the NGMI of 46-GbaudPS-16QAM DP-OFDM signals and
the I0OP into UTC-PD. The results indicate that the optimal IOP fort he PD is approximately 6 dBm. To
meet the NGMI threshold, the IOP of UTC-PD should be set around 6dBm with the assistance of MIMO-
TFPD-TMP-NLE. At this optimal IOP, the average NGMI values for t he three equalization algorithms
are 0.835, 0.810, and 0.794, respectively. When the IOP exceeds Brd, severe nonlinear distortions cause
a degradation in NGMI performance, primarily due to the saturation e ects of UTC-PD and Tx LNA.
Compared to MIMO-VNLE, MIMO-TFPD-TMP-NLE demonstrates su perior performance, which can be
attributed to its ability to e ectively address crosstalk between ad jacent symbols and subcarriers, as well
as 1/Q imbalance. Furthermore, through TMP expansion, MIMO-TF PD-TMP-NLE reduces complexity
while mitigating high-order nonlinear impairments.

Additionally, the relationship between the NGMI of PS-16QAM DP-OFD M signals and baud rate is
shown in Figure 11(b). To meet the NGMI threshold of 0.83, the maximum baud rate for signals using
MIMO-VNLE is 42 GBaud, while signals using MIMO-TFPD-TMP-NLE can a chieve a maximum baud
rate of 46 GBaud. Furthermore, the corresponding spectrum fo the H-polarized 46 GBaud signal is
presented, with an IF of 25.2 GHz. The achievable maximum baud ratds 46 GBaud, corresponding to
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Figure 10 (Color online) (a) Experimental setup for OFDM signals deli very over a 200-m wireless link at 300 GHz; (b) photos
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Figure 11 (Color online) (a) NGMI of 46-GBaud PS-16QAM DP-OFDM signal s versus the IOP into UTC-PD, and the constel-
lation diagrams under di erent equalization options when t he IOP into UTC-PD is 6 dBm. (b) NGMI of signals versus baud rat e
when the IOP into UTC-PD is 6 dBm. The inset shows the correspo nding electrical spectrum of received 46-GBaud signal [ 34].

a peak line rate of 354.2 Gbit/s and a maximum net rate of 253 Ghit/s.

Secondly, for the multi-antenna diversity transmission, a compardive analysis was conducted on the
SNR and BER performance of 2 2 MRC signals, 2 2 CH-1/2 signals, and 1 1 SISO signals. Note
that the 2 2 CH-1 signal refers to the signal received by the western-side ceiver, while the 2 2 CH-2
signal corresponds to the signal received by the eastern-sideasiver. The 2 2 MRC signal is the result
of combining the 2 2 CH-1 and 2 2 CH-2 signals. Considering the slight performance advantage of
CH-1 signal over the CH-2 signal in practical scenarios, the 1 1 SISO transmission is implemented using
equipment located on the western-side at both the transmitter ard receiver. As shown in Figure 12(b),
a42 10 2 @ 25% SD-FEC was used as the BER threshold. Higher-order modulan formats require
higher SNR values. When the input PD optical power is 6 dBm, the 2 2 MRC signal achieves its
maximum SNR gain of 5.1 dB compared to the SISO signal. At this point, he SNRs of the 1 1 SISO,
2 2CH-1,2 2CH-2,and 2 2 MRC signals are 11.5, 15.4, 14.8, and 16.6 dB, respectively. The inset
(H{(iiN) in Figure 12(b) show the constellation diagrams of the recovered signals for SISO, 2 2 CH-1/2,
and 2 2 MRC signals, with corresponding BERs of 0.131, 0.0636, and 0.034Egspectively. Only the
2 2 MRC signal, utilizing MRC technology, meets the BER threshold, corresponding to a net rate of
137.1 Gbit/s.

(2) 850-m photonics-aided THz wireless transmission syste m. Figure 13 shows an exper-
imental setup for photonics-aided THz wireless transmission using 2 2 MIMO technology combined
with antenna polarization multiplexing at a distance of 850 meters B5. At the central station, two
independent external cavity lasers (ECL1 with a wavelength of 158 nm and ECL2 with a wavelength
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Figure 13 (Color online) The setup for conducting an experiment on pho tonic THz-wave wireless transmission over an 850-m
2 2 MIMO wireless distance. (a) Images of the transmitter and e xperimental scenes outdoors; (b) images of the receiver and
experimental scenes outdoors; (c) the radio link's mapping measurements [ 35].

of 1552.4 nm) generate continuous wave (CW) optical signals, with &h laser having a linewidth below
100 kHz. The output of ECL1 is used to drive an I/Q modulator with a 3-dB bandwidth of 30 GHz. The
in-phase (I) and quadrature (Q) analog signals generated by an A& are ampli ed by a pair of 25 dB
gain EAs before being fed into the I/Q modulator. A PM-EDFA is used to compensate for the insertion
loss of the modulator. Then, the modulated optical signal is combind with the output of ECL2 using a
PM-OC and transmitted to the rst base station through a section of SMF-28 ber. At this position, the
second PM-EDFA further ampli es the optical signal. Subsequently, the OC divides the signal into two
branches. In one branch, the signal is transmitted through an ofical delay line and then converted into
an X -pol THz signal through UTC-PD1. In the other branch, the signal is fed to UTC-PD2 to generate
a Y-pol THz signal. The resulting 300 GHz THz wave signal is transmitted through a 2 2 MIMO
wireless link. Beam collimation and focusing over the 850-m wireless phatare achieved using paired horn
antennas (HA1 to HA4) and lenses (L1 to L4) for both transmissionand reception. At the second base
station, the received THz signals are down-converted to 12 GHz IFsignals by integrated THz receivers.
Each receiver consists of a 13 GHz RF source, ampli ers, a 24 frequency multiplier, an LNA with 25 dB
gain, and a sub-harmonic mixer. TheX - and Y -pol IF signals are subsequently ampli ed by EAs with
26 dB gain and captured by an OSC operating at a sampling rate of 10GSa/s. Figures 13(a){(c) present
photographs of the transmitter, the receiver, and the measurd wireless link mapping.

We test the BER performance ofX -pol and Y -pol 30 Gbit/s QPSK signals after wireless transmission
at 850 m as a function of UTC-PD input optical power. With the increa se in input optical power, the BER
has been signi cantly improved due to the improvement of SNR. Whenthe input optical power exceeds
12 dBm for two 30 Gbit/s QPSK signals with di erent polarizations, the BER remains below 38 10 8.
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Furthermore, we increase the data rate to 120 Gbit/s by using 16@M signals. When the SD-FEC
threshold is 15%, the input optical power required for the UTC-PD is approximately 13.3 dBm. Con-
sidering a 15% SD-FEC overhead, the e ective bit rate is calculated © be 104.3 Gbit/s (120/(1+15%)),
corresponding to a spectral e ciency of 6.95 bits/s/Hz. While the experiment demonstrates up to 850-m
THz wireless transmission, extending to kilometer-scale remains chi@nging due to increased free-space
path loss, atmospheric absorption, stricter beam alignment requiements, and limited THz output power
and detector sensitivity. Potential solutions include the development of ultra-high-gain adaptive antenna
arrays, power-scalable THz sources, low-noise coherent receigeand beam tracking or relay-assisted ar-
chitectures to maintain link stability over long distances. Compared with indoor environments, outdoor
THz wireless transmission encounters several additional challenge These include increased atmospheric
attenuation due to water vapor and weather variations, higher free-space path loss over long distances, and
the requirement for precise beam alignment to compensate for naow antenna beamwidths. Moreover,
environmental factors such as wind, mechanical vibrations, and emperature uctuations can degrade
link stability. Outdoor deployment also demands robust system packging and weatherproo ng to en-
sure reliable and continuous operation under dynamic conditions. Adressing these issues is critical for
enabling practical long-distance THz communication in real-world 6G enarios.

4 Future prospects in key techniques

4.1 THz traveling wave tube and solid-state ampli ers

Traveling wave tube (TWT) amplier is a vacuum electronic ampli er tha t uses an energetic electron
beam to amplify a radio frequency signal. Generally, a cathode (elecbn gun) emits a beam of electrons
that is accelerated and guided through a vacuum tube by focusing mgnets. The beam travels through
an interaction circuit or slow-wave structure (SWS)|typically a per iodic metal waveguide that slows
down the phase velocity of the THz wave to synchronize with the eleiton beam [44]. When a THz
signal is fed into the SWS, the electric elds interact continuously with the electron beam, transferring
energy from the beam to the wave. The ampli ed THz wave is extraced at the output end, and the
spent electron beam is absorbed by a collector. This distributed bea-wave interaction allows TWTs
to provide high gain over broad bandwidth. TWTs can provide watt-level to even kilowatt-level power
in bands where transistors struggle to reach milliwatts f5]. This makes TWTs ideal for transmitters in
THz communication systems that require high equivalent isotropic raliated power (EIRP) to overcome
propagation losses. TWTs also inherently operate over relatively boad bandwidth (typically 5%{15%
fractional bandwidth), supporting high data-rate modulation. Signi cant progress has been made by
both domestic and international research teams in enhancing the @rformance of TWTs operating in
the THz frequency range, with developments primarily targeting the W-, G-, and Y-bands. To develop
high-power, wideband THz ampli ers for long-distance THz communications, the Aerospace Information
Research Institute of the Chinese Academy of Sciences reportead G-band pulsed-wave folded-waveguide
TWT [ 46]. The device operated at a beam voltage of 17 kV with a collector cuent of 71 mA, achieved
a gain exceeding 30 dB over a bandwidth of 210{216 GHz, and delivedea maximum output power of
60 W. At 220 GHz, the output power reached 12 W. Furthermore, the institute also reported a G-band
continuous-wave folded-waveguide TWT #7]. This tube operated at a beam voltage of 17.1 kV with
a collector current of 62 mA, delivering a maximum output power of 27W at 214.4 GHz, a peak gain
of 29.5 dB, and a 3-dB power bandwidth exceeding 6 GHz. In the fregency range above 300 GHz,
Beijing Vacuum Electronics Research Institute developed the worlés rst 340 GHz ultra-wideband TWT
and THz power module, featuring an operational bandwidth from 33 to 357 GHz, a CW output power
exceeding 1 W, and a gain of over 20 dB. Additionally, Northrop Grumman in the United States has
advanced the operating frequency of TWTs beyond 1 THz for the rst time, achieving an output power
of 29 mW at 1.03 THz, with a saturated gain of 20 dB and a 3 dB bandwidh of 5 GHz [48§].

THz solid-state ampli ers rely on high-speed electronic devices|notably transistors ( eld-e ect or
bipolar), fabricated using semiconductor materials. In essence,hiey are the extension of microwave
integrated circuits into sub-millimeter-wave frequencies f19]. Modern heterostructure transistors like InP
high electron mobility transistors (HEMTs) and SiGe heterojunction bipolar transistors (HBTs) have
demonstrated extremely fast operation, characterized by a cut frequency and maximum oscillation
frequency in the hundreds of GHz or low THz range. By leveraging tlese devices, engineers have built THz
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monolithic microwave integrated circuit (MMIC) ampli ers on semicond uctor chips. Solid-state ampli ers
o er key advantages of compactness, reliability, and integration. Because the electron transport occurs in
a semiconductor medium rather than a vacuum, the entire ampli er can be realized as a microchip with
no bulky external components. This integrability is crucial for practical THz communication devices:
solid-state ampli ers can be embedded in transmitter/receiver modiles, integrated with antennas or
arrays, and mass-produced using semiconductor processes. étmature manufacturing of solid-state
electronics contrasts with the hand-crafted nature of THz vacwm devices 50]. Thus, for any application
that requires many ampli ers (for example, a phased-array of THzantennas or a large number of small
cell transmitters), solid-state technology is the only feasible appoach. Another advantage is low DC
voltage operation|transistors typically run on a few volts to tens o f volts, whereas TWTs need kV-level
beam supplies. This makes solid-state amps easier to power and safe deploy in general environments.
Moreover, solid-state circuits can achieve broadband and low-nogampli cation, which is important for
high-speed data communications and sensitive receivers. Nanjingl&ctronic Devices Institute designed
an HBT power ampli er operating in the H-band, with a frequency ran ge of 275{310 GHz and a measured
gain exceeding 7.4 dB at 300 GHz. The total size of this 6-stage amplér is only 1.7 mm 0.9 mm [51].
Based on advanced InP HEMT technology, NG Corporation has repded a series of THz ampli er chips
and packaged modules operating at frequencies up to 340 GH5J], 480 GHz B3], 670 GHz B4], and
850 GHz B5. At 850 GHz, the amplier chip achieves approximately 15 dB gain. Solidstate THz
ampli ers excel in scenarios where small size and integration outwely the need for very high power|
for instance, indoor ultra-high-speed networks, chip-to-chip wieless links, or as driver ampli ers and
pre-ampli ers in larger systems.

4.2 THz superconducting detector

Common types of THz superconducting detectors include supercaluctor-insulator-superconductor (SIS)
mixers, hot electron bolometers (HEBS), kinetic inductance detetors (KIDs), and transition-edge sensors
(TES). These detectors, typically operating at cryogenic tempeatures, exhibit excellent photon or power
sensitivity. KIDs are inherently suitable for large-scale arrays dueto their multiplexed readout capability
based on superconducting resonators. SIS and HEB mixers, on¢hother hand, provide coherent detection
with phase and amplitude resolution, suitable for modulated signal reeption. SIS mixers o er low noise
temperatures in the 0.3{0.8 THz band, while HEB mixers demonstratehigh sensitivity beyond 1 THz.
Recent studies have reported NbN-based HEB mixers achieving a sigl bandwidth exceeding 7 GHz at
4.7 THz, with double-sideband noise temperatures as low as 815 K§]. E orts have also been made to
enhance operating temperature and bandwidth using high-tempeature superconductors (HTS) such as
MgB, which promise bandwidths above 10 GHz. Novel approaches, incluig Josephson junctions formed
in graphene, have also emerged, enabling broadband THz detectiomith single-photon-level sensitivity at
temperatures around 1.4 K. A 340 GHz HTS Josephson-junction hierodyne receiver was developed[7],
featuring a twin-meander-slot antenna integrated with a lens. To ahieve impedance matching between
the antenna and the low-resistance HTS junction, the antenna imgdance was minimized while main-
taining maximum symmetry in the radiation pattern. From a practical standpoint, several experimental
demonstrations have conrmed the feasibility of employing supercaducting detectors in THz wireless
communication systems. For instance, researchers at the Purplglountain Observatory, Chinese Academy
of Sciences, conducted long-distance THz transmission experimesnon the Qinghai-Tibetan Plateau, suc-
cessfully achieving high-de nition signal delivery over a distance of 12 km at frequencies above 0.5 THz,
using only 10 W of transmit power [58]. Furthermore, the integration of high-Tc Josephson mixers with
compact cryogenic systems by CSIRO further demonstrates thgotential of superconducting technolo-
gies for use in miniaturized THz communication terminals p9]. In addition, system-level integration of
superconducting detectors with microwave antennas, lters, amd low-noise ampli ers has emerged as a
critical research focus. Co-design strategies that incorporatenultiplexers and antenna arrays are actively
being explored to enhance system compactness and operationdability.

Future trends and challenges for THz superconducting detecta in communication systems include the
following. (1) Sensitivity improvement: achieving near single-photondetection is a major goal. (2) Band-
width and response time: for data rates approaching Tbh/s, detetors must operate with bandwidths in
the GHz regime. While most KIDs o er bandwidths in the kHz{MHz rang e, HEB mixers have achieved
several GHz by optimizing materials such as NbN and MgB. (3) System integration: future com-
munication terminals require highly integrated systems combining deéctors, RF circuits, and cryogenic
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Figure 14 (Color online) (a) The 3D schematic of the designed transmis sive RIS array; (b) true-time-delay-assisted hybrid
beamforming architecture.

cooling. Development of miniaturized coolers, multiplexed readout deemes, and hybrid superconducting-
semiconductor circuits is essential. (4) Operating temperature: taditional superconducting detectors
require <4 K temperatures, limiting practicality. High-Tc materials such as YBC O and MgB, enable
elevated working temperatures (10{30 K), potentially reducing system complexity and cost. Addressing
device aging, thermal management, and fabrication uniformity is al® crucial for achieving reliable and
reproducible performance.

4.3 THz massive MIMO

Massive MIMO involves using very large antenna arrays to direct andmultiplex signals. In the THz
frequency band, antennas are physically tiny (due to millimeter to sib-millimeter wavelengths), which
allows packing hundreds of antenna elements into small areas|enaling what is sometimes called ultra-
massive MIMO [60]. These large arrays are crucial to counteract the severe proggtion challenges of
THz waves by forming highly directional beams with signi cant gain. In essence, massive MIMO at THz
can concentrate power in the desired directions and support multite data streams, extending the other-
wise limited communication range. Previous research has already elgred using 2 2 MIMO antenna
arrays to emulate THz MIMO links, con rming the feasibility of spatial multiplexing and diversity in
THz bands. The outlook for THz massive MIMO is therefore one of geat promise coupled with signif-
icant challenges. Even with its immense potential, THz massive MIMO conmunication faces numerous
technical challenges before it can become practical. THz waves caat penetrate obstacles like walls or
even human bodies e ectively. Thus, networks must maintain uninterrupted line-of-sight or use re ective
surfaces to bend signals around obstructions. The necessity fdrighly directional beams also implies
a pencil-beam communication pattern that must be precisely aligned. Maintaining alignment between
transmitter and receiver beams is challenging, particularly if either sde is moving. Initial access and
beam-tracking protocols thus become complex at THz frequenciesas the system must search and lock
onto narrow beams. Frequent handovers or beam adjustments ay be needed to cope with blockages
or mobility. In addition, massive MIMO introduces an additional layer o f complexity, as equipping hun-
dreds of antenna elements with individual RF chains at THz frequences is generally infeasible due to
constraints on power consumption, device size, and thermal mamggement.

To make THz massive MIMO feasible, researchers are developing aalvced beamforming architec-
tures. One direction is the use of recon gurable intelligent surface (RIS)|planar meta-surfaces that
can redirect and focus THz waves§1]. An RIS placed strategically in an environment could help bypass
blockages or create additional paths, e ectively serving as a pa$ge relay to extend coverage for THz
signals. Figure 14(a) shows the 3D schematic of the designed traméssive RIS array. Recent researchg?)
explored the integration of ultra-massive multiple-input multiple-out put (umMIMO) with RIS for THz
communications in 6G networks. To address coverage limitations andine-of-sight challenges, a hybrid
spherical-and-planar-wave channel model (HSPM) was proposedFurthermore, a compressive sensing
framework employing separate-side estimation (SSE) and dictionay-shrinkage estimation (DSE) was de-
veloped to enhance channel estimation accuracy in noisy environmés. The results demonstrated the
accuracy of the HSPM and the improved precision of SSE and DSE mhbds, particularly under low SNR
conditions. Another direction is hybrid beamforming designs that leverage a mix of analog and digital
control to manage large antenna arrays with fewer RF chains, theeby reducing complexity and power
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Figure 15 (Color online) Basic structure of an E2EL communication sys tem based on AE, where the transmitter and receiver
are implemented by a pair of ANNSs.

usage 63]. Figure 14(b) shows the true-time-delay (TTD) assisted hybrid beamforming architecture.
Lens antennas and optical beam-steering are also being re ned ffanulti-user support. Furthermore,
new array architectures such as distributed arrays and cell-freenassive MIMO are being considered to
mitigate distance issues|rather than one ultra-large array, many distributed mini-arrays could cooper-
atively serve a user to shorten the propagation distance. This celfree approach might improve both
spectral and energy e ciency for THz networks. An extensive wideband THz RIS channel model was
developed to facilitate a detailed investigation of the e ects causedby array gain loss and variations
in RIS size, con guration, and placement [B64]. A key contribution of this work is the fully connected
time-delay phase shifter hybrid beamforming (FC-TD-PS-HB) architecture, which e ectively mitigates
the beam-splitting issue occurring at both the base station and distibuted RISs. This method maximizes
the sum rate through joint optimization of analog and digital beamforming, base station time delays, and
RIS re ection coe cients.

4.4 End-to-end learning

Traditional communication systems are composed of multiple indepedent processing modules, such as
pre-equalization, coding and modulation, waveform design, chandeestimation, signal equalization, and
decoding. These modules are typically designed and optimized in isolatip making it di cult to achieve
global optimization of the entire system's performance. Although irdividual algorithms within each
module continue to be re ned, the modular and independent design pproach still results in a signi cant
performance gap compared to the theoretical optimum. Moreove conventional modular architectures
often rely on simpli ed linear models or assumptions when operating in ime-varying and complex environ-
ments, which limits their adaptability and robustness. As a result, the independent optimization strategy
in traditional communication systems is increasingly insu cient to meet the high-performance and e -
ciency demands of 6G and future communication systems. Deep leging has emerged as a promising
solution for addressing transmission and signal processing challeag in photonics-aided THz transmis-
sion systems, o ering the potential to replace traditional DSP algorithmic modules [65]. Compared with
traditional optimization algorithms, deep learning provides advantages such as lower computational com-
plexity, stronger error resilience, and the capability for end-to-end joint optimization of communication
systems. It provides adaptive handling of diverse channel conditins and enables exible processing in
complex, time-varying environments, particularly in the THz channel.

In recent years, researchers have proposed end-to-end agtocoder-based learning (E2EL) communica-
tion systems, which employ deep learning to jointly optimize both the transmitter and receiver according
to speci ¢ performance metrics and channel models, as illustratedn Figure 15. In this paradigm, the
communication system is modeled as an autoencoder (AE) and trairte using stochastic gradient de-
scent (SGD), enabling self-adaptive adjustments during transmision to accommodate channel variations
and maximize communication e ciency [66]. An E2EL approach using neural networks was proposed
to address nonlinear distortion and inter-symbol interference in ber-THz integrated communication
systems by enabling transmitter-side pre-compensation that simlianeously generates, up-converts, and
pre-compensates carrier-less amplitude phase signals, therebynplifying receiver processing and demon-
strating improved performance B7]. Furthermore, an E2EL four-dimensional joint geometric and prab-
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abilistic shaping framework, termed E2E-4D-JGPS B8], was proposed to jointly optimize geometric and
probabilistic shaping for ber-THz integrated communication systems, e ectively addressing both linear
and nonlinear distortions by adaptively designing constellation diagrans via mixture density networks
and generalized mutual information maximization. Despite the theoetical appeal of E2EL design, its
practical implementation faces several challenges, particularly de to the complexity and unpredictability
of real-world. The E2EL approach relies on acquiring gradient infornation of the instantaneous channel
transfer function. However, in practical systems, the channeloften behaves as an unobservable \black
box", where its characteristics can only be inferred through inputoutput data pairs. This uncertainty
hinders the performance improvements of deep learning models. laddition, real-world channels often
include non-di erentiable transceiver components such as quantiation and modulation/demodulation
processes, which impede the application of gradient-based backppagation algorithms, making conven-
tional deep learning training methods di cult to apply directly. Furth ermore, factors such as noise and
nonlinear distortions a ect the stability and performance of deep learning models. Therefore, overcoming
these limitations or designing alternative schemes suited for non-idd channel conditions remains a major
challenge for applying E2EL in photonics-aided THz transmission systms.

5 Conclusion

To conclude, we have introduced the application requirements of TE photonics for broadband com-
munication. We have summarized the key techniques for large-capity and long-distance photonics-
aided THz wireless transmission, including ber-THz- ber seamless itegration architecture, up/down-
conversion techniques of THz photonics, multi-dimensional multiplexng techniques, constellation shaping
techniques, multi-antenna diversity techniques, multi-dimensionalnonlinear equalization techniques, and
high-gain THz lenses and ampli ers. Moreover, we have summarizedhte results of our recent experimen-
tal demonstrations in large-capacity and long-distance photonicsaided THz communication. We have
demonstrated 1-Thit/s net capacity real-time ber-THz- ber tr ansmission over two spans of 20-km SSMF
and 3-m wireless link with simultaneous multi-THz-band (110{500 GHz). We have also achieved 1.0488-
Thit/s AIUR ber-THz o -line transmission over 10-km ber and 10- m wireless links at 330{500 GHz
band. Over a 200-m wireless link at 300 GHz, we have successfully tezaed 253-Gbit/s net rate signal
transmission by using 2 2 MIMO polarization multiplexing technique. Meanwhile, we achieved a 5.1dB
SNR gain compared with the SISO link by using 2 2 MIMO multi-antenna diversity technique. We
have also demonstrated a 2 2 MIMO dual-polarization THz transmission system with 104-Gbit/s net
rate and 850-m wireless distance. Finally, we present the developmeprospects of four key techniques
for photonics-aided THz communication, including THz traveling wave tube and solid-state ampli ers,
THz superconducting detector, THz massive MIMO, as well as ende-end learning.
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