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6G Key Capability Vision

5

Holographic intelligent
medical service

Networked UAV Smart city
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6G Key Capability Vision

Peak rate SR CEE Delay | Reliability Spe_ctral Connec;tmn
rate efficiency density

5G 0.01Thit/s § 0.1-0.5 Ghit/s 1 ms 99.999% 30 bps/Hz p mtdevices/100 |
6G 1 Thit/s 10 Gbit/s 0.1 ms § 99.99999% 100 bps/Hz devices/100 1

L/ v =

Rich spectrum Ultra - high Ultra -massive S'\é'gc':tt'gf;;]fpcei:nocfy
rESOUTCES frequency MIMO
(mmWave , THz) a 256 and above 3

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

B.Ning,Z. Tian,Z. Chen,C. Han,S Li,d YuanandR. Zhang, Prospective Beamforming

Chong Han Ling|ong Dai. and Zhi Chen © Technologies for Ultra -Massive MIMO in Terahertz Communications :A Tutorial , 6 4
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Trend One: Higher Carrier Band

D Mobile Enhanced mobile broadband
ata i .
Broadband Largg scale Interngt of Th|ng§ 6 G
Low time delay & high reliability

>

0.8 GHz 1.3 GHz 2.3 GHz 3.5 GHz 90 GHz 275 GHz 450 GHz 1 THz

G The 2019 World Radiocommunication Conference (WRC) identified-0.27'
0.45THz as the 6G mobile communication band with an available bandw

o up 10 t0m5 of . ovRG
SHARM EL-SHEIKH2019
—

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

2G 4G 5G

1G

3G

| Single - TG Massive Ultra -massive
dir(e)crgghél polarized Bipolar Antennas MIMO MIMO
antenna directional antenna antennas antennas

antenna

Very large scale MIMO (256 and above) will become an important support
for 6G multi-mode intensive deployment
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Motivations for Terahertz

THz has ultra-wideband, high-speed
communication capability and high precision
sensing imaging capability, which is an

sub-6GHz ‘\ 30$Hz ________ 0.1TTHz 1(%THZ
important candidate technology for 6G am- a 3 : i
‘ THz Bands
. Key technologies to meet the requirements of y .
. . . 28G 60G 71- 81-
6G communication scenarios become research e M2 G G Potential 6G band
hotspots WPAN (IEEE802.15.3c), WLAN(IEEE802.11ad).

Researches on key and difficult points

Coverage Energy efficiency Reliability Movability Al fusion service

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

Chong Han, Linglong Dai, and Zhi Chen © 7



Research Progress of THz

_ A Terahertz research launched at the "Terahertz Science and Technology"
Europe China  conference in 2005

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

A E#O]:;;?]e%%gj p;%?i;ir: El?r:o o Ministry of Science and Technology in 2018
- ) P A Terahertz Core Devices and Transceiver Chips in 2019
A Transnational terahertz project

A Domestic universities, research institutes and other joint research institutions,
close to or part of the world's advanced level in 2020

Heterogeneous networking
Ultrahigh capacity sending . . =

A DARPA and NASA launched the
terahertz system Bell LABS 0.625
THz communication system is the

America highest frequency fully electronic
architecture terahertz communication
system realized to date in 2009.

A The FCC approved the opening of
future wireless mobile
communications research in August
2020.

Union ITU

- d first among the top ten

0.333 THz, and 0.356 - 0.45 THz for land mobile and fixed services y technology
A August 2021 "IMT Above 100GHz" to explore the feasibility of frequency band,above } A In 2006. NTT demot
100GHz ’
A In 2021, IEEE ComSoc RCC Terahertz Special Interest Group was established

rated the first terahertz
communication ~
The government and the people will work together to

Chong Han, Linglong Dai, and Zhi Chen © formulate the 2030 "post-5G" strategy 3



ITU-R timeline for IMT-2030

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
WRC-23 WRC-27

SQ §p 5D| SD §D SP SD 5D 5[) 50 &D| 5D sD SD| 5D 5D 6D| sD SD 50 5D 5D 5D 5D 5D 5D 5D

R R IRR 0w w|le 0 B|ln B 8|6 @ R IAEE R IR

#37 #38 #39 #40 #41 #42] #43 #44 #45 #46 #47| #48 #49 #50| #51 #52 #53| #54 #55 #56 #57 #58 | #59 #60 #61 | #62 #63

\ e

Note 1: WP 5D #59 will additionally organize a workshop involving the Proponents and registered Independent Evaluation Groups (IEGs) to support
the evaluation process
Note 2: While not expected to change, details may be adjusted if warranted. Content of deliverables to be defined by responsible WP 5D groups

' Note by the ITU-R Radiocommunication Bureaux: This document is taken from Attachment 2.12 to Chapter 2 of Document 5D/1361 (Meeting report WP 5D #41,
June 2022) and adiustments could be made in the future. ITU holds copvriaht in the information — when used. reference to the source shall be done.



THz Application Scenarios

Thps wireless communications rate

Directional
THz Links

Multi-hop

Up to few Tps THz Link

for distances
around 10 meters [

Terabit-per-second
backhaul in the Sky

CubeSat

‘&

el
2+ Customer Applications

)

-
----
-

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

Chong Han, Linglong Dai, and Zhi Chen © Beyond:A Cutting -Edge F r 0 n t Communécationdvlagazing2021 10



THz Application: Practical Example

Thps wireless communications rate

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

AT " 70 1 vy, 3 .

i TR
ol AT FRNSR

- -

A Real-time transmission rate exceeding 80Gbps
A Distance coverage of over 1 kilometer
A New milestone in real-time transmission distance

Chong Han, Linglong Dai, and Zhi Chen © 11
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THz Application Scenarios
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THz Application Scenarios

Terahertz nano-micro-scale communication scenarios

© Nano-nod
A Nano-controlle

@ Nano-to-m terface
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Device
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Motivations for THz Ultra-Massive MIMO

Coverage challenge for THz communications

High frequency
Short wavelength

Solution: THz ultra-massive MIMO (UM-MIMO) systems

Decreasing size of THz antennas A use large number of antennas to
compose a large-scale antenna array, e.g., 1024 antennas

A Large free space loss
A Large reflection and diffraction loss
A Huge molecular absorption loss

Short transmission
distance

U Provide high-speed mobile access services

U Improve system capacity and signal quality through centralized deployment of
UM-MIMO and beamforming technology

U Improves signal coverage and transmission rate through distributed
deployment of UM-MIMO

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

Chong Han, Linglong Dai, and Zhi Chen © 14
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1 Chapter 2: THz UM-MIMO Systems
I. Electronic and photonic approaches

Ii. New material approaches
lii. THz UM-MIMO channel
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THz UM-MIMO Systems

Fabrication can be roughly divided into three categories:
Electronic-based

U horns, reflectors

U cavity-backed slot antenna arrays
Photonics-based

U photo-conductive antennas

U silicon-based lenses

New materials-based

U vanadium dioxide (VO2)

U 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 , ¢EEE

Chgng Han, Ling|0ng Dai, and Zhi Chen © Open Journabf the CommunicationsSociety2023 16



Electronic approaches

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

19
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Y. Yanget al, 0 A rEight-Element 370-410-GHz Phased-Array Transmitter in 45-nm

Chong Han Ling|0ng Dai. and Zhi Chen © CMOS SOl with Peak EIRP of 888.5 d B m,IEEEIrans MicrowaveTheory Tech,vol.64, 17
’ ’ no.12, Dec. 2016 pp. 4241549



Electronic approaches
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X-band Input

280 GHz 2R 2 chipscale

dielectric resonator antenna array [b]

[a] R Han et al, 0 ASiGe Terahertz Heterodyne
Radiated Power and Fully-Integrated Phase-Locked Loop, ¢EEE]SolidStateCircuits, vol. 50,

no. 12, Dec. 2015 pp. 293547.

[b] N. Buadaneet al, 0 A280-GHz Digitally Controlled Four Port Chip-Scale Dielectric
Resonator Antenna Transmitter with DICAD True Time D e | aliEEESolidState Circuits 18

Lett., vol.3,202Q pp. 454057

Imaging Transmitter

with 3.3 mW



Photonic approaches

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 © 19



Photonic approaches

steerlng AZ
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[a]

[a] K.-i. Makiand C. Otani,0 Te r a hkBeam 3teering and Frequency Tuning by Using
the Spatial Dispersion of Ultrafast Laser P u | s ©pt., Expressvol. 169 July2008 pp.
10,158369.

[b] M. AlonsodelPinoet al, 0 B e aSnanning of Silicon Lens Antennas Using Integrated

Piezomotors at Submillimeter Wa v e | e n dBEB@=nsdHz Sci Tech, vol. 9, no. 1, Nov.
2019 pp. 47854.

i i i [c] PLuet al, 0 Phot Assisted Beam Steering for Millimeter - Wave and THz
Chong Han’ Llnglong Dal’ and Zhi Chen © Ant e n nIBEECof AntennaMeas& Appl., Sweden2018 pp. 184. 20



New material approaches

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

Plasmonic Antenna

Plasmonic Modulator y

Top view

Feed Piont > X

| 1
SPP to EM
emission
\ SPP modulation

ENNANNNNS
\ A’ J

] |
Antenna Modulator

Side view

=, =P N
=

Grounld Plane

The working principle and design of the THz front end

A.Singhetalg Desi gn and oper atbasedplasnfonicnang+ ap hene

Chong Han Linglong Dai. and Zhi Chen © antenna array for communi calEEBJISeliAreast h 91t
’ : Commun,vol. 38, no. 9, pp. 2162117, Sept. 2020.



New material approaches

Graphene/
metamaterial

Individual graphene antennas at the THz band

Dielectric

Ground plane

U with reconfigurable radiation patterns

Small-scale graphene antenna

U the beam scanning range has not been piratically tested

1-10 mm

Reconfigurable MIMO antenna system for THz communications

The use of graphene to implement UM-MIMO plasmonic nano-antenna arrays
i implement a 10241 1024 UM-MIMO system at 1THz with arrays that occupy just 1 & &

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

I. FAkyildizand J. Mlorneto Re a | i z i-magsivaIMINIO (8024

Chong Han Linglong Da| and Zhi Chen © 1024) communication in the (0.06 -1 0) t er ah e NahaComnum d, 6 29
’ : Networks, vol. 8, pp. 4664, Nov. 2016.



New material approaches

8102 Metallic

Metallic pastexn

ground D
\__Liquid crystal |/,

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

A a 24 element linear array
A each element is composed of 50 rows and 2 columns of unit cells with meta-insulator metal-
resonator structure

; : ; Wu,Jingbcetalo Li qui d c¢cr yst almetpsurtacerfa rematerz Ibesam
Chong Han’ Llnglong Dal’ and Zhi Chen © s t e e r Appl.dPhys. Lettvol. 116, no. 13, pp. 131104, 2020. 23



New material approaches

The reported THz antenna arrays with dynamic beam scanning capability

Freq (Hz) Size Process Beam scan | Gain Antenna type

280 G 4 x 4 arrays 45 nm SOI CMOS 80°/80° ! 16 dBi1 on-chip

140 G 2 x 4 arrays 65 nm CMOS 40° : multi-chip

0.53T 1 x 4 arrays 40 nm CMOS 60° 11.7 dB1 | patch

400 G 1 x 8 arrays 45 nm SOI CMOS 75" 12 dB1 patch

034 T 2 x 2 arrays 130 nm SiGe BiCMOS | 128%/53° 1 | - patch

320 G 1 x 4 arrays 130 nm SiGe BiCMOS | 24° 13 dBi patch

338 G 4 x 4 arrays 65 nm CMOS 45°/50° ! 18 dB1 microstrip

317G 4 x 4 arrays 130 nm SiGe BiCMOS | - 17.3 dB1 | return-path gap coupler
280 G 2 x 2 arrays 65 nm CMOS 30° 12.5 dB1 | dielectric resonator
300 G 1 x 4 arrays photonic 90° 10.6 dBi | bow-tie antenna
1.05T 4 x 4 arrays eraphene - 13.9 dB1 | dipole

1.1T 2 x 2 arrays eraphene 60° 8.3 dBi patch

220 — 320 G | 600 elements metallic 48° 28.5 dB1 | frequency scanning
0.8T 2 x 2 arrays eraphene - : photoconductive
13T 25448 elements | graphene - 29.3 dB1 | reflectarray

220 — 320 G | 8 x 8 arrays brass sheets 50°/45° ! 17 dB1 frequency scanning
100 G 54 x 52 cells liquid crystals 557 15 dBi reflectarray

345 G - liquid crystals 20° 35 dBi reflectarray

100 G - VO2 44°144° - metasurfaces

115 G 39 x 39 cells liquid crystals 20° 16.55 dB1 | reflectarray

Chong Han, Linglong Dai, and Zhi Chen ©
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Device technologies

ALesson 1: some promising fabrication techniques for implementing UM-MIMO
antenna arrays have been developed in the THz range A we are almost ready

ALesson 2: future research may focus on seeking potential solutions for better
beam flexibility as well as a larger array size A we still can do better

Almprove the dynamic beamforming capabilities of the THz arrays, including
adjustment accuracy and scanning range

Alncrease the size of the antenna array and pushing it to the level of thousands
of elements

AReduce mutual coupling effects caused by large-scale integration

Chong Han, Linglong Dai, and Zhi Chen © 25



Molecular Absorption Effect
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Channel Characteristics

571 <] SITU & Huawei -
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C. Han, Y. Wang, Y. Li, Y. Chen, N. Abbasi, T. Kurner, and A. Molisch,0 Ter aher t z

i i I Wireless Channels: A Holistic Survey on Measurement, Modeling, and Anal y s i ,
Chong Han’ nglong Dal’ and Zhi Chen © IEEECommunicationsSurveysandTutorials,2022 27



Channel Characteristics

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

U Generally larger KF in outdoor scenarios

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

300

Delay spread (DS): power dispersion in temporal domain

30

U Generally larger DS in outdoor scenarios :
U Smaller DS for higher frequencies

U Typically around 5~30 ns in indoor scenarios

U 5-60 ns in outdoor scenarios

("105’
307
= 10}
5¢

DS [n

Chong Han, Linglong Dai, and Zhi Chen ©
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Channel Characteristic T Angular Spread
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UM-MIMO Channel Model

5

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

U High complexity

Planar-wave assumption is a simplification of spherical-wave propagation
U Valid in far-field communications
U Signal transmission is approximated as parallel and the wavefront is analyzed as a plane

U Low complexity

TX

Tx RXx
Y Y_ Y
_Y\ﬂ_ Neglect the non-linear phase Y
§ from the spherical model
lllustration of PWM lllustration of SWM
N.) N_) N,y 227 ynpeng
Hp = Zpélozparpag) Hgn,.,n: = Zpél a; tleTI X Dt

Chong Han, Linglong Dai, and Zhi Chen © 30



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

252

Boundary: Rayleigh distance D, ,, = —
y
A 3 GHz, 16 antennas 30 GHz, 64 antennas

300 GHz, 256 antennas
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[=)]
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v

Channel capacity based on PWM and SWM in different communication
distances and frequencies

The communication distance | ,+ A Planar-wave assumption is valid
Otherwise, e.g., r s+ A Spherical-wave propagation needs to be considered

Chong Han, Linglong Dai, and Zhi Chen © 31



Hybrid Spherical- and Planar- Wave Model

. Consider a generalized THz UM-MIMO system

Subarray ULAA Communication
- . . Lo . Rayleigh distance Rayleigh distance dist&nce
U Transmitter and receiver antennas are divided into Subarros s ——
1
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I |
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_ _ _ Y.-H.Chen,LongfeiYanandC.Har¥,0 Hy b iSphekical - and Planar-Wave Modeling and
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UM-MIMO Channel Estimation

DCNN parameter estimation of reference subarray
U Fifteen-layer DCNN structure
U Training labels:

Spherical-wave channel parameters:
Angles, communication distance,
amplitude of channel gain

[;1; Reflector
(L] L f - tA ) LA ) n n
u OSS u n Ctl O n . U RF-chain and Analog Channel Analog RF-chain and
digital beamformer beamformer H combiner  digital combiner
. . . System model and channel estimation bld@gram
) —6-DCNN B DN - ‘ I I
= o- g ) 7@CV Flatten
=-30 ‘g ss) 5 10 | 4@MP behind the first 4 CV FC output
£ s 5 8 r A \
0 S st E 35 I |
.40 8 = In |
A = put ]
< s | a .50t D«j 40 FD FD
;’ h :
50 -52 -45
-10 -5 0 5 10 -10 -5 0 5 10 -

10 -5 0 5 10 RelY Q
SNR (dB) SNR (dB) SNR (dB) e[Y] L—| | L—| |
Im[Y] — <]
(a) Estimation error of angle. (b) Estimation error of distance. [Y] 7 ™~ [~

(c) Estimation error of path gain.

11 11 11
|azu |,Dw, Orp.
11

Channel parameter estimation accuracy of DCNthod DCNN network structure BLL, oL, il

_ _ _ Y-H. Chen,LongfeiYanand C. Hart*, 0 Hy b Spherical - and Planar-Wave Modeling and
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Geometric-based Hierarchical Channel Recovery

A Instead of estimating for each antenna or each subarray, we’propose
geometric-based hierarchical channel recovery
U Employ the geometric relationships between channel parameters among subarrays

11 11 15 T T T Algorithm 1: DCNN for Channel Estimation
ghik D,y cosb; —&— OMP[15]
T = arccos | ——=——— & . 2
t Di;’, 10f g‘;"g[[if]] H Input: Y
Kk a1 . [Adcosh!t | e —TRNNG) 1. Obtain {|ay'|, Dy', 025, dy, 01y, $ip } by DCNN,
0" = 6, + arcsin W =N {*&% - 2.for ke =1,... K, —1
= AL T | B o
» Dlcosol! . T 3 forke =1, K, — 1
QT = arccos W ; u \E N 4 Calculate LoS channel parameters by (28).
r St R R —
v Ad 11 %‘u . . 3. Calculate NLoS channel parameters by (31).
: Ad, cosg g T —
(;"Jktk’" = il -+ arcsin 220080 <.10f \E\ Ty 6 end for
r Dy Dk
vz 15 = 7. end for
kiky kiky Lo ||
Dktkr _ D'y; _ D E 8. Reconstruct H in (10)
(,Obﬁﬁ'{kr Cosoic{kr -20 : : - Output: H
-10 -5 0 5 10
SNR (dB)
Geometric relationship derivation Estimation NMSE performance comparison DCNN channel estimation algorithm
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—pY Y — A Pros: Only one RF chain and DAC/ADC A
eI 2 (o) YA Cow complexty
QS—' v v - o A Cons: Can not support multiple data

streamsA Poor spectral efficiency
(b) Fully-analog beamforming architecture

Fully-digital beamforming [1980s]: Each RF chain connects to each antenna

| R || Y YA RFLEDS . .
L2 chain chin [ AP A Pros: Optimal spectral efficiency
bisial x> A e Yol RE LRSS, Digital A Cons: Too many RF chains and DAC/ADCs A
baseband matrix cham aseban . .
: : High hardware complexity and power
. ' ' consumption
{DAC Cliﬁn Y Y. Clrl{;n ~|ADC> P

(a) Fully-digital beamforming architecture

R.W.Bickmoreo Adapt i ve ant EEBESpectramol lano. 8, pm 7-88,Aug. 1964.

Chong Han Ling|ong Dai. and Zhi Chen © J.Wintersp On t he capacity of radio communication3@y
’ ’ fadi ng env IEEBJouma on Belected Areas in Communicatpm8715878, Jun. 1987.



Hybrid Beamforming

A more tractable solution: Hybrid beamforming
(ﬁ yA Number of RF chains is much less than the number of antennas

' | 51? U Few high-cost devices, e.g., RF chains and DAC/ADCs
Digital . ‘:fga;‘a’lg Y U Large number of low-cost devices, e.g., phase shifters
baseband . . ) ..
— processingl = A Combine the advantages of both the fully-digital and fully-
DA i ' y analog beamforming
w U Near-optimal spectral efficiency and relatively low
hardware complexity and power consumption

. ection . . .

f\% Fixed hybrid beamforming
Two connection relationships

between RF chains and antennas
\ Dynamic hybrid beamforming

d .
Ynamijc connection
C. Han,L. Yan,and J Yuan 0 Hy b rBeadhforming for Terahertz Wireless

Chong Han Linglong Da| and Zhi Chen © Communications : Challenges, Architectures, and Open Pr o b | elBEE, 37
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Fixed Hybrid Beamforming
N o ) —-¢— - Y S— — _Y .
_.®Cﬁn_ | pad- }1}1? = Py FC:. Each RF chain connects to each antenna
chain| H —d .
Digial |-~ | | srrot y Digital — Ug Y through a phase shifter
baseband CRE ¢\J : baseband bl —Y _
pACH o i _¢_l ~D©*Cmin~t g fy AO0SA: Each RF chain only connects to a
Y B o | subset of antennas through phase shifters
°
analog beamformer analog beamformer
(a) Fully-connected (FC) [2014] (b) Array-of-subarray (AoSA) [2015]
FC AO0SA Both the FC and AoSA hybrid beamforming can not balance
Connection between RF _ the spectral efficiency and power consumption
) Full Partial
chains and antennas
Spectral efficiency High Low Dynamic architectures are needed!
Power consumption High Low

O.E Ayach S Rajagopak Abu-SurraZ. PiandR W.Heath,0 S p a t $parkelPyecoding in
Millimeter Wave MIMO Sy s t e IEEETra@nsaction®n WirelessCommunicationsyol. 13,
no. 3, pp. 14991513 Mar. 2014

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

Chong Han Ling|ong Dal and Zhi Chen © digital beamforming for millimeter wave 5G, tEEECommunicationsMagazinevol. 53 38
' ’ no. 1, pp.186-194 Jan2015



Dynamic Hybrid Beamforming

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

switch network

switch network

Y — . _Y
. NP [P
@ chain —DAC chain —__/__¢
i Digial |y
Digital ) e : ”_/__gsr .
haseband . baseband - a2l :
e @y, v Bl
S\ N A
phase shifter network phase shifter network
(a) Dynamiesubarray (DS) [2017] (b) Fadlgptiveconnected (FAC) [2020]

A Switch is a low-cost device which only has 2 states, i.e., on and off
U Switch on A Closed circuit A Phase shifter is active and contributes to the spectral efficiency
U  Switch off A Open circuit A Phase shifter is inactive and does not consume power

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

S ParkA.AlkhateebandR. W.Heath,0 Dy n a Bubarrays for Hybrid Precoding in Wideband
mmWave MIMO Sy st e IEEETransactionson Wireless Communicationsyol. 16, no. 5, pp.
29072920 May2017.

X.Xue, Y.Wang,L. Yang, ShiandZ.Li,0 E n e 1Efficjent Hybrid Precoding for Massive MIMO

Chong Han, Linglong Dai, and Zhi Chen © mmWave Systems With a Fully-Adaptive -Connected St r u c t IEEEdrangactionson 39
Communicationsyol. 68, no. 6, pp. 3521-3535 Jun202Q



Challenges of THz Beamforming

A Very high path loss

ADi st ance | Beamfdrraithgiisocntici

A Very strong channel sparsity

A Limited number of multi-p a t h kimit¥éd spatial multiplexing gains

A Large multipath K factor
A Line-of-sight (LoS) d o mi n &ierdngra-spatial multiplexing and blockage

A Very large antenna array
AMany antennas, phase Hardwiarktdneansrgy efitiEncc hai ns Y
APhase front SpHencal-tvavaad plaoan-wa¥e propagation
A Wideband over largeb a n d wi @dam sg¥int/split mitigation

C. Han,L. Yan,and J Yuan 0 Hy b rBeadhforming for Terahertz Wireless
Chong Han Ling|ong Da| and Zhi Chen © Communications : Challenges, Architectures, and Open Pr o b | elBEE, A
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Near-field and Far-field

Near RF Source

/ 2]
Par--a (o Lo Gt =

g, o e d, o kg, s g,

T— d. —S7¢ d,,;)« dag)le dﬂ;,/

qlb g53q54q5 q:]_:g:3q:4q&',:q
Array Response Vector
2R 2R 2R
a(ql’ g 3q4’ %)—Cie smqll sm °q ’/.",esqu /T a(q) :[1,ejpcosq,m,é 4 pos F

The operation complexity of far-field beamforming is low

Chong Han, Linglong Dai, and Zhi Chen © 42



Far-field Array Response

N For far-field beamforming, the phase difference between adjacent
Wave front antennas is the same, and the array response vector can be written as
! kdg si Jed (No—1) sineo] -
a,,,((p) — [1’ e J asm%’j --.,6_3 o(Nr—1)sing
VN,

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

2
max ’WHa,,j(tp)’
W

s.t. |w(i)| =

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

Using array response vector to receive W — a,r((p)j

Chong Han, Linglong Dai, and Zhi Chen © 43



Far-field Beam Pattern

gitiaiiieg

|
Digital Band | Beamformer |
—r ¢ o e mm—r wm—t e mm— ¢ mm— b w— e mm— ¢ mm— b w— w— -

Using array response vector to transmit

Chong Han, Linglong Dai, and Zhi Chen ©

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

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

The radiation beam pattern of array response vector:

¢ Beam direction

T(x)' [

p Coverage Threshold

\A/V\

2 2 ol -
N, 0 A X=smy —smae

Thus, the array response vector can be regarded
as a narrow beam covering a certain zone.
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Far-field Codebook

We can predefine a codebook that includes many
antenna response vectors representing the narrow
beams corresponding to different AoAs/AoDs.

F = {a(lf.’)l), 8(992), “eey El((,ON)} )

Some Properties of the narrow beams:

Lemma 1. Beams within [—%, 5] and beams within |5, *I] are

isomorphic for ULA. In particular, the narrow beam in direction
of ¢ is equivalent to that in direction of ™ — ¢, i.e.,

Uniform Non-uniform

a(p) = a(r — o).

— — — Normalized worst-case performance
(b)
The codebook with non-uniformly distributed beams

'may achieve a higher worst-case performance than
that with uniformly distributed beams

Moreover, the beam is narrower with the AocA/AoD
around O and is wider with the AoA/AoD around =~ / 2

Chong Han, Linglong Dai, and Zhi Chen © 45



Far-field Codebook

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
1 V2

: N =N, :
N, sin (23\}&) 2N, sin (4;{@)
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