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6G Key Capability Vision
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Metaverse AR automatic drive Intelligent manufacturing 2025

Holographic intelligent 

medical service
Networked UAV Smart city

¸6G Application scenariosσ"Broadband, ubiquitous, smart"



6G Key Capability Vision
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B. Ning,Z. Tian,Z. Chen,C. Han,S. Li,J. Yuan,andR. Zhang, Prospective Beamforming

Technologies for Ultra -Massive MIMO in Terahertz Communications : A Tutorial ,ó

IEEEOpenJournalof the CommunicationsSociety,2023

Peak rate
User data 

rate
Delay Reliability

Spectral 

efficiency

Connection 

density

5G 0.01Tbit/s 0.1-0.5 Gbit/s 1 ms 99.999% 30 bps/Hz ρπdevices/100Í

6G 1 Tbit/s 10 Gbit/s 0.1 ms 99.99999% 100 bps/Hz devices/100 ἵ

Ultra -high 
frequency 

(mmWave , THz)

Ultra -massive 
MIMO

α256 and above β

Rich spectrum 

resources

Multiple times of 

spectral efficiency

Ultra-high frequency and ultra-large scale MIMO are recognized as key technologies

Chong Han, Linglong Dai, and Zhi Chen ©



Trend One: Higher Carrier Band 

5Zhi Chen, Linglong Dai, and Chong Han ©

0.8 GHz 1.3 GHz 2.3 GHz 3.5 GHz 90 GHz 1 THz

2G

3G

4G

5G

6G

275 GHz 450 GHz

Voice Data Mobile 

Broadband2G 3G
4G 5G

6G
Enhanced mobile broadband

Large-scale Internet of Things

Low time delay & high reliability

The 2019 World Radiocommunication Conference (WRC) identified 0.275-
0.45THz as the 6G mobile communication band with an available bandwidth 
of up to tens of GHz.

Ultra-high frequency band (millimeter wave, terahertz) will become important supports 

for 6G communication ultra-wideband real-time service. 



Trend Two: Larger Antenna Array Scale
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Omni -
directional 

antenna

1G

Single -
polarized 

directional 
antenna

2G

Bipolar 
antenna

3G

MIMO 
antennas

4G

Massive
MIMO

antennas

5G

Ultra -massive 
MIMO

antennas

6G

White Paper on ò6G Vision and Candidate Technologies,ó IMT-2030 (6G), 2021

Very large scale MIMO (256 and above) will become an important support 

for 6G multi-mode intensive deployment

Chong Han, Linglong Dai, and Zhi Chen ©



Motivations for Terahertz

¸ THz has ultra-wideband, high-speed 

communication capability and high precision 

sensing imaging capability, which is an 

important candidate technology for 6G

¸ Key technologies to meet the requirements of 

6G communication scenarios become research 

hotspots
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Researches on key and difficult points

Coverage Energy efficiency Reliability Movability AI fusion service

THZ Band

THz spectrum sharing THz nano array THz UM-MIMO THz beam tracking THz wideband

Chong Han, Linglong Dai, and Zhi Chen ©



Research Progress of THz
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International Telecommunication

Union ITU
Japan

America

ÂDARPA and NASA launched the 

terahertz system Bell LABS 0.625 

THz communication system is the 

highest frequency fully electronic 

architecture terahertz communication 

system realized to date in 2009.

ÂThe FCC approved the opening of 

future wireless mobile 

communications research in August 

2020.

Europe

Â Eu framework programme:
Horizon 2020ɹHorizon Europe

Â Transnational terahertz project :

Heterogeneous networking

Ultrahigh capacity sending

China

Â In 2019,  ITU WRC-19 allocated bands 0.275 - 0.296 THz, 0.306 - 0.313 THz, 0.318 -

0.333 THz, and 0.356 - 0.45 THz for land mobile and fixed services 

ÂAugust 2021 "IMT Above 100GHz" to explore the feasibility of frequency band above 

100GHz 

Â In 2021, IEEE ComSoc RCC Terahertz Special Interest Group was established

ÂTerahertz technology ranks first among the top ten 

technologies in the strategic planning of future science and 

technology

Â In 2006, NTT demonstrated the first terahertz 

communication

The government and the people will work together to 

formulate the 2030 "post-5G" strategy

ÂTerahertz research launched at the "Terahertz Science and Technology" 

conference in 2005

Â "Terahertz Wireless Communication Technology and System" major project of 

Ministry of Science and Technology in 2018

ÂTerahertz Core Devices and Transceiver Chips in 2019

ÂDomestic universities, research institutes and other joint research institutions, 

close to or part of the world's advanced level in 2020

Chong Han, Linglong Dai, and Zhi Chen ©



International Process of 6G Standardization

¸ In 2020, IMT above 100 GHz, ITU-R WP5D studies the technical feasibility of the international

mobile phone system (IMT), which is more than 100 GHz

¸ In 2023, the World Radio Conference (WRC-23), started the IMT-2030/6G spectrum

¸ Stage 1 ï vision definition to be completed in June 2023 before the World

Radiocommunication Conference 2023 (WRC-23)

¸ Stage 2 ïrequirements and evaluation methodology to be completed in 2026

¸ Stage 3 ïspecifications to be completed in 2030.

9Chong Han, Linglong Dai, and Zhi Chen ©



THz Application Scenarios
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¸ Tbps wireless communications rate

Chong Han, Linglong Dai, and Zhi Chen ©

High-speed Long-

range Rural Backhaul

TbpsMR
and
metaverse

Z.Chen,C.Han,et.al.,Wen Tong Terahertz Wireless Communications for 2030 and

Beyond:A Cutting -EdgeFrontier,óCommunicationsMagazine,2021



THz Application: Practical Example
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¸ Tbps wireless communications rate

ü Sports event broadcasting: Ultra-low latency, uncompressed 8K ultra HD video

Chong Han, Linglong Dai, and Zhi Chen ©

ÅReal-time transmission rate exceeding 80Gbps

ÅDistance coverage of over 1 kilometer

ÅNew milestone in real-time transmission distance

Supportedby UESTCTHz CommunicationTechnologyTeam



THz Application Scenarios

12Chong Han, Linglong Dai, and Zhi Chen ©

¸ Tbps wireless communications rate and millimeter-level sensing accuracy

C. Han,Y. Wu, Z. Chen, Y. Chen,and G. Wang,

THz ISAC : A Physical Layer Perspective

of Terahertz Integrated Sensing and

Communication,óIEEECommunications

Magazine,2023



THz Application Scenarios
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Smart Wearable 

Device

Wearable / 

Over-the-body

Nano-Things

Personal 

Electronic 

Devices

Nano-node

Nano-controller

Nano-to-micro Interface

Other

Nano-Things

Nano-link

Micro-link

Gateway (Towards Internet)

TH ztr ansceiver

TH zlink

TH z w ireles s netw ork-on-chip

On-chip 

Communication

In Vivo Nanocommunication

¸ Terahertz nano-micro-scale communication scenarios

Chong Han, Linglong Dai, and Zhi Chen ©



Motivations for THz Ultra-Massive MIMO
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¸ Solution: THz ultra-massive MIMO (UM-MIMO) systems

Decreasing size of THz antennas Ą use large number of antennas to 

compose a large-scale antenna array, e.g., 1024 antennas

ü Provide high-speed mobile access services

ü Improve system capacity and signal quality through centralized deployment of 

UM-MIMO and beamforming technology

ü Improves signal coverage and transmission rate through distributed 

deployment of UM-MIMO

ü Improve the accuracy of 3D location service and realize spatial positioning 

and perception

¸ Coverage challenge for THz communications

High frequency

Short wavelength

Å Large free space loss

Å Large reflection and diffraction loss

Å Huge molecular absorption loss

Short transmission 

distance

Chong Han, Linglong Dai, and Zhi Chen ©



Outline

15

¶ Chapter 1: Introduction

i. Evolution to 6G

ii. Applications

iii. Motivations for THz UM-MIMO

¶ Chapter 2: THz UM-MIMO Systems

i. Electronic and photonic approaches

ii. New material approaches

iii. THz UM-MIMO channel

¶ Chapter 3: THz Beamforming Technologies

i. Fundamentals of beamforming

ii. State-of-the-art and challenges on 

beamforming

iii. Far-field beamforming

iv.Near-field beamforming/beamfocusing

¶ Chapter 4: THz Beam Management

i. Fundamentals of beam management

ii. State-of-the-art and challenges on beam 

management

iii. Beam estimation/alignment 

iv.Beam tracking

v. Beam-guided medium access 

¶ Chapter 5: Future Directions

i. Cross far- and near-field beamforming

ii. IRS-assisted hybrid beamforming 

iii. Beam management in IRS assisted systems

¶ Conclusion

Chong Han, Linglong Dai, and Zhi Chen ©



THz UM-MIMO Systems
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Fabrication can be roughly divided into three categories:

¸Electronic-based

ü horns, reflectors

ü cavity-backed slot antenna arrays

¸Photonics-based

ü photo-conductive antennas

ü silicon-based lenses

¸New materials-based

ü vanadium dioxide (VO2)

ü graphene and liquid crystal (LC)

B. Ning, Z. Tian,Z. Chen,C. Han, S. Li, J. Yuan,and R. Zhang, Prospective Beamforming

Technologies for Ultra -Massive MIMO in Terahertz Communications : A Tutorial ,óIEEE

OpenJournalof the CommunicationsSociety,2023Chong Han, Linglong Dai, and Zhi Chen ©



Electronic approaches
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370 ð410 GHz 8 1 ULA

Y. Yanget al.,òAnEight -Element 370-410-GHz Phased-Array Transmitter in 45-nm

CMOS SOI with Peak EIRP of 8ð8.5 dBm,óIEEETrans. MicrowaveTheory Tech., vol. 64,

no.12,Dec.2016,pp.4241ð49.

¸As the efficacy of electronic components is constrained in the THz band, a feasible solution

is to modulate the phase in the lower frequency and then convert to the THz region

Chong Han, Linglong Dai, and Zhi Chen ©



Electronic approaches
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4 Ҏ4 URPA using 130 nm SiGebipolar-CMOS 

(BiCMOS) technology at 320 GHz [a]

280 GHz 2 Ҏ2 chip-scale 

dielectric resonator antenna array [b]

[a] R. Han et al., òASiGe Terahertz Heterodyne Imaging Transmitter with 3.3 mW

Radiated Power and Fully -Integrated Phase-Locked Loop,óIEEEJ.Solid-StateCircuits,vol.50,

no.12,Dec.2015,pp.2935ð47.

[b] N. Buadanaet al., òA280-GHz Digitally Controlled Four Port Chip -Scale Dielectric

Resonator Antenna Transmitter with DiCAD True Time Delay,óIEEESolid-StateCircuits

Lett., vol.3,2020,pp.454ð57
Chong Han, Linglong Dai, and Zhi Chen ©



Photonic approaches
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In the photonic approach, schemes for THz dynamic beam scanning are designed. 

¸Frequency-scanning antennas can be used to control THz beam steering 

¸A proposed photoelectric phase shifter can control 300 GHz beam scanning within 

50 degree

¸The optical TTD phase shifters are also employed to offer stable time delay for 

wideband communications

Chong Han, Linglong Dai, and Zhi Chen ©



Photonic approaches
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Changing the phase 

difference of two laser beams

[a]

Refraction based on the optical lens 

antennas[b]

[a] K.-i. Maki and C. Otani,òTerahertzBeam Steering and Frequency Tuning by Using

the Spatial Dispersion of Ultrafast Laser Pulses,óOpt. Express, vol. 169, July2008, pp.

10,158ð69.

[b] M. Alonso-delPinoet al.,òBeamScanning of Silicon Lens Antennas Using Integrated

Piezomotors at Submillimeter Wavelengths,óIEEETrans. THz Sci. Tech., vol. 9, no. 1, Nov.

2019,pp.47ð54.

[c] P. Lu et al., òPhotonicAssisted Beam Steering for Millimeter - Wave and THz

Antennas,óIEEEConf.AntennaMeas.& Appl.,Sweden,2018,pp.1ð4.

Theschematic view of an optical TTD-

based chip[c]

Chong Han, Linglong Dai, and Zhi Chen ©



New material approaches
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¸Graphene, i.e., a two-dimensional form of graphite, has attracted the attention of

the scientific community due to its unique electronic and optical properties.

The working principle and design of the THz front end

A. Singh et al.,òDesign and operation of a graphene-based plasmonic nano -

antenna array for communication in the terahertz band,ó IEEE J. Sel. Areas 

Commun., vol. 38, no. 9, pp. 2104-2117, Sept. 2020.
Chong Han, Linglong Dai, and Zhi Chen ©



New material approaches
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¸ Individual graphene antennas at the THz band 

üwith reconfigurable radiation patterns

¸ Small-scale graphene antenna 

üthe beam scanning range has not been piratically tested

¸ Reconfigurable MIMO antenna system for THz communications

¸ The use of graphene to implement UM-MIMO plasmonic nano-antenna arrays

üimplement a 1024Ĭ1024 UM-MIMO system at 1THz with arrays that occupy just 1 άά

¸ Liquid crystal and graphene also show application potential in reconfigurable reflect arrays

I. F. Akyildizand J. M. Jornet, òRealizing ultra-massive MIMO (1024

1024) communication in the (0.06 -10) terahertz band,ó Nano Commun.

Networks, vol. 8, pp. 46-54, Nov. 2016.
Chong Han, Linglong Dai, and Zhi Chen ©



New material approaches
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The LC reflectarray at 0.67 THz
This array is made up of :  

Å a 24 element linear array

Å each element is composed of 50 rows and 2 columns of unit cells with meta-insulator metal-

resonator structure
Wu, Jingboet al. òLiquid crystal programmable metasurface for terahertz beam 

steering,ó Appl. Phys. Lett., vol. 116, no. 13, pp. 131104, 2020.
Chong Han, Linglong Dai, and Zhi Chen ©



New material approaches
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¸ The reported THz antenna arrays with dynamic beam scanning capability

Chong Han, Linglong Dai, and Zhi Chen ©



Device technologies
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ÅLesson 1: some promising fabrication techniques for implementing UM-MIMO 

antenna arrays have been developed in the THz rangeĄ we are almost ready

ÅLesson 2: future research may focus on seeking potential solutions for better 

beam flexibility as well as a larger array sizeĄ we still can do better

ÅImprove the dynamic beamforming capabilities of the THz arrays, including 

adjustment accuracy and scanning range

ÅIncrease the size of the antenna array and pushing it to the level of thousands 

of elements

ÅReduce mutual coupling effects caused by large-scale integration

Chong Han, Linglong Dai, and Zhi Chen ©



Molecular Absorption Effect
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Spectral windows

created by molecular

absorption effects

Each window has

multi-GHz BW,

sensitive to f, d, env.
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C.Han,W.Gao,N.Yang,andJ.M.Jornet,òMolecularAbsorption Effect :A Double -edged

Sword of Terahertz Communications,óIEEEWirelessCommunications,2023Chong Han, Linglong Dai, and Zhi Chen ©



Channel Characteristics
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¸ Path loss exponent (PLE)

üLarger PLEs in NLoS

üMostly close to 2, indicating the dominance 

of LoS path in the THz band (sparsity)

¸ Shadow fading (SF): additional loss caused 

by blockage; mostly calculated as the 

deviation of path loss to path loss models

üSeverer shadow fading in NLoS

üMostly lower than 1 in indoor scenarios

C. Han, Y. Wang, Y. Li, Y. Chen, N. Abbasi, T. Kurner, and A. Molisch,òTerahertz

Wireless Channels: A Holistic Survey on Measurement, Modeling, and Analysis,ó

IEEECommunicationsSurveysandTutorials,2022
Chong Han, Linglong Dai, and Zhi Chen ©



Channel Characteristics
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¸ K-factor (KF): power ratio between the strongest path and other paths

üGenerally larger KF in outdoor scenarios

üMostly very large in the THz band (>10 dB), indicating high sparsity

¸ Delay spread (DS): power dispersion in temporal domain

üGenerally larger DS in outdoor scenarios

üSmaller DS for higher frequencies

üTypically around 5~30 ns in indoor scenarios

ü5-60 ns in outdoor scenarios
(a) Indoor, omnidirectional (b) Indoor, directional

(c) Outdoor omnidirectional (d) Outdoor, directional
Chong Han, Linglong Dai, and Zhi Chen ©



Channel Characteristic ïAngular Spread
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¸ Angular spread (AS): the power dispersion in 

the spatial domain

üClose AS in indoor and outdoor scenarios

üTypically around 10-60Áfor ASA and ASD

(a) ASA

(d) ESD

(b) ASD

(c) ESA

Chong Han, Linglong Dai, and Zhi Chen ©



¸ Spherical-wave propagation is the ground truth of electromagnetic wave propagation

üIndividually calculating the channel response of all antennas pairs between Tx and Rx

üHigh complexity

¸ Planar-wave assumption is a simplification of spherical-wave propagation

üValid in far-field communications

üSignal transmission is approximated as parallel and the wavefront is analyzed as a plane

üLow complexity

Tx Rx
Tx Rx

Illustration of PWM Illustration of SWM

Neglect the non-linear phase

from the spherical model

30

UM-MIMO Channel Model

Chong Han, Linglong Dai, and Zhi Chen ©



Inaccuracy of Planar-wave Channel Models

¸ Rayleigh distance is the classis boundary between the near-field and far-field, below which near-

field propagation dominates and the planar-wave model (PWM) becomes inaccurate

31

The communication distance ╓ḻ╓►╪◐Ą Planar-wave assumption is valid

Otherwise, e.g., ╓ ╓►╪◐Ą Spherical-wave propagation needs to be considered

Channel capacity based on PWM and SWM in different communication 

distances and frequencies

Chong Han, Linglong Dai, and Zhi Chen ©



Hybrid Spherical- and Planar- Wave Model
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¸ Consider a generalized THz UM-MIMO system

ü Transmitter and receiver antennas are divided into 

several subarrays

¸ Employ PWM within one subarray

ü Remain precise due to the relatedly small array size

ü Achieve reduced complexity

¸ Employ SWM among subarrays 

ü Improved modeling accuracy

Y.-H.Chen,LongfeiYanandC.Han*,òHybridSpherical - and Planar-Wave Modeling and

DCNN -powered Estimation of Terahertz Ultra -massive MIMO Channels,óIEEE

Transactionson Communications,2021.

HSPM channel matrix

Chong Han, Linglong Dai, and Zhi Chen ©



UM-MIMO Channel Estimation
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DCNN parameter estimation of reference subarray

ü Fifteen-layer DCNN structure

ü Training labels:

Á Spherical-wave channel parameters: 
Angles, communication distance, 

amplitude of channel gain 

ü Loss function: ὒ ―ὒ ―ὒ ―ὒ

System model and channel estimation blockdiagram

DCNN network structure
Channel parameter estimation accuracy of DCNNmethod

Y.-H. Chen,LongfeiYanandC. Han*,òHybridSpherical - and Planar-Wave Modeling and

DCNN -powered Estimation of Terahertz Ultra -massive MIMO Channels,óIEEE

Transactionson Communications,2021.
Chong Han, Linglong Dai, and Zhi Chen ©



Geometric-based Hierarchical Channel Recovery
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Á Instead of estimating for each antenna or each subarray, we propose

geometric-based hierarchical channel recovery
ü Employ the geometric relationships between channel parameters among subarrays

Estimation NMSE performance comparisonGeometric relationship derivation DCNN channel estimation algorithm

Chong Han, Linglong Dai, and Zhi Chen ©



Outline

35

¶ Chapter 1: Introduction

i. Evolution to 6G

ii. Applications

iii. Motivations for THz UM-MIMO

¶ Chapter 2: THz UM-MIMO Systems

i. Electronic and photonic approaches

ii. New material approaches

iii. THz UM-MIMO channel

¶ Chapter 3: THz Beamforming Technologies

i. Fundamentals of beamforming

ii. State-of-the-art and challenges on 

beamforming

iii. Far-field beamforming

iv.Near-field beamforming/beamfocusing

¶ Chapter 4: THz Beam Management

i. Fundamentals of beam management

ii. State-of-the-art and challenges on beam 

management

iii. Beam estimation/alignment 

iv.Beam tracking

v. Beam-guided medium access 

¶ Chapter 5: Future Directions

i. Hybrid far- and near-field beamforming

ii. IRS-assisted hybrid beamforming 

iii. Beam management in IRS assisted systems

¶ Conclusion

Chong Han, Linglong Dai, and Zhi Chen ©



Beamforming Technologies by Architectures
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¸ Fully-digital beamforming [1980s]: Each RF chain connects to each antenna

Å Pros: Optimal spectral efficiency 

Å Cons: Too many RF chains and DAC/ADCs Ą

High hardware complexity and power 

consumption

R. W. Bickmore, òAdaptive antenna arrays,ó IEEE Spectrum, vol. 1, no. 8, pp. 78-88, Aug. 1964.

J. Winters, òOn the capacity of radio communication systems with diversity in a Rayleigh 

fading environment,ó IEEE Journal on Selected Areas in Communications, pp. 871ð878, Jun. 1987. 

¸ Fully-analog beamforming [1960s]: One RF chain connects to all antennas

Å Pros: Only one RF chain and DAC/ADC Ą

Low complexity

Å Cons: Can not support multiple data 

streamsĄ Poor spectral efficiency

Chong Han, Linglong Dai, and Zhi Chen ©



Hybrid Beamforming
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Å Number of RF chains is much less than the number of antennas

ü Few high-cost devices, e.g., RF chains and DAC/ADCs

ü Large number of low-cost devices, e.g., phase shifters

Å Combine the advantages of both the fully-digital and fully-

analog beamforming

ü Near-optimal spectral efficiency and relatively low 

hardware complexity and power consumption

Fixed hybrid beamforming

¸ A more tractable solution: Hybrid beamforming

Two connection relationships 

between RF chains and antennas

Dynamic hybrid beamforming

C. Han, L. Yan,and J. Yuan, òHybridBeamforming for Terahertz Wireless

Communications : Challenges, Architectures, and Open Problems,óIEEE

WirelessCommunications,2021.
Chong Han, Linglong Dai, and Zhi Chen ©



Fixed Hybrid Beamforming
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FC AoSA

Connection between RF 

chains and antennas
Full Partial

Spectral efficiency High Low

Power consumption High Low

Both the FC and AoSA hybrid beamforming can not balance 

the spectral efficiency and power consumption

Dynamic architectures are needed!

O. E. Ayach, S. Rajagopal,S. Abu-Surra,Z. Pi andR. W. Heath,òSpatiallySparse Precoding in

Millimeter Wave MIMO Systems,óIEEETransactionson WirelessCommunications,vol. 13,

no.3,pp.1499-1513,Mar.2014.

S.Han,C. -l. I,Z.Xu andC.Rowell,"Large -scale antenna systems with hybrid analog and

digital beamforming for millimeter wave 5G,óIEEECommunicationsMagazine,vol. 53,

no.1,pp.186-194,Jan.2015.

FC: Each RF chain connects to each antenna 

through a phase shifter

AoSA: Each RF chain only connects to a 

subset of antennas through phase shifters

[2014] [2015]

Chong Han, Linglong Dai, and Zhi Chen ©



Dynamic Hybrid Beamforming
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S.Park,A.AlkhateebandR.W.Heath,òDynamicSubarrays for Hybrid Precoding in Wideband

mmWave MIMO Systems,óIEEETransactionson Wireless Communications,vol. 16, no. 5, pp.

2907-2920,May2017.

X.Xue,Y.Wang,L.Yang,J.ShiandZ.Li,òEnergy-Efficient Hybrid Precoding for Massive MIMO

mmWave Systems With a Fully -Adaptive -Connected Structure,óIEEETransactionson

Communications,vol.68,no.6,pp.3521-3535,Jun.2020.

Å Switch is a low-cost device which only has 2 states, i.e., on and off

ü Switch on Ą Closed circuit Ą Phase shifter is active and contributes to the spectral efficiency

ü Switch offĄ Open circuit Ą Phase shifter is inactive and does not consume power

Å Control the state of switch to adjust the spectral efficiency and power consumption

(a) Dynamic-subarray (DS) [2017]                                           (b) Fully-adaptive-connected (FAC) [2020]

Key idea: Inserting switches between RF chains and phase shifters to control the connections

Chong Han, Linglong Dai, and Zhi Chen ©



Challenges of THz Beamforming

ÅVery high path loss

ÅDistance limitation Ÿ Beamforming is critical

ÅVery strong channel sparsity

ÅLimited number of multi-paths Ÿ Limited spatial multiplexing gains

ÅLarge multipath K factor

ÅLine-of-sight (LoS) dominance Ÿ Inter-intra-spatial multiplexing and blockage

ÅVery large antenna array

ÅMany antennas, phase shifters, RF chains Ÿ Hardware and energy efficiency

ÅPhase front fluctuation Ÿ Spherical-wave or planar-wave propagation

ÅWideband over large bandwidth Ÿ Beam squint/split mitigation

40
C. Han, L. Yan,and J. Yuan, òHybridBeamforming for Terahertz Wireless

Communications : Challenges, Architectures, and Open Problems,óIEEE

WirelessCommunications,2021.
Chong Han, Linglong Dai, and Zhi Chen ©
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Chong Han, Linglong Dai, and Zhi Chen ©



Near-field and Far-field

42

1 2 3 4 5q q q q q¸ ¸ ¸ ¸

Array Response Vector

1 2 3 4 5q q q q q q= = = = =
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Te e e
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The operation complexity of far-field beamforming is low

Chong Han, Linglong Dai, and Zhi Chen ©



Far-field Array Response

43

For far-field beamforming, the phase difference between adjacent 
antennas is the same, and the array response vector can be written as  

The combiner is optimized to maximize the resulting power, i.e., 

It is easy to verify that an optimal solution is given by

Using array response vector to receive

Chong Han, Linglong Dai, and Zhi Chen ©



Far-field Beam Pattern

44

We have known that using array response vector as a combiner can 
maximize the received power with AoAű. 

On the contrary, if we use array response vector as a 
beamformer/precoder, the wavefront moves in the direction of AoD ű.

Using array response vector to transmit

The radiation beam pattern of array response vector:  

Thus, the array response vector can be regarded 

as a narrow beam covering a certain zone.
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Some Properties of the narrow beams:

We can predefine a codebook that includes many 

antenna response vectors representing the narrow 

beams corresponding to different AoAs/AoDs.

Moreover, the beam is narrower with the AoA/AoD
around 0 and is wider with the AoA/AoD around ˊ/2.

The codebook with non-uniformly distributed beams 

may achieve a higher worst-case performance than 

that with uniformly distributed beams
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How many narrow beams we need in a codebook

Generally, the number of beams N required in the codebook is proportional to the number of array antennas Na.

The normalized worst-case performance of the above two cases is given by
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