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Part 1: Background of Near-Field Communications



4Near-Field Communications for 6G:  Fundamentals, Potentials, Challenges, and Future Directions

¸New applications (e.g., holographic video) drive the upgrade from 5G to 6G

¸Extended from 3 to 6 scenarios of IMT -2030 (6G): Compared with 5G, 3 new scenarios 

are ubiquitous connectivity, AI and communication, ISAC 

Extended Reality

Digital ReplicaHolographic Video

Objectives of 6G Communications

Autonomous driving

ITU-R WP 5D, ñFramework and overall objectives of the future development of IMT for 2030 and beyond,ò Dec. 2023.
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Key Performance Indicators (KPIs) of 6G

Spectral efficiency: Kbps/Hz

Coverage: 90%

Low latency: 500 Ἳ

Peak data rate: 1 Tbps

Access density: 100 users/ἵ

¸KPIs of 6G should be orders of magnitude higher than those of 5G, e.g., 10x data rate

¸New capabilities should be considered, e.g., coverage, sensing/AI -related capabilities,é

ITU-R WP 5D, ñFramework and overall objectives of the future development of IMT for 2030 and beyond,ò Dec. 2023.
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KPI 1: Spectral Efficiency

¸ 6G is expectedto achieve10 times higher spectral efficiency comparedwith 5G

¸ The higher spectral efficiency can be achievedexploiting spatial multiplexing, which requires

significantly increasednumber of antennas

ü 4G: 2-8 antennasĄ 5G: 64-256antennas

ü 6G: 1024+ antennaswith ultra -massiveMIMO (UM-MIMO) and cell-free massiveMIMO

(CF-MIMO)

W. Jiang, B. Han, M. A. Habibi and H. D. Schotten, ñThe Road Towards 6G: A Comprehensive Survey,ò IEEE Open J. Commun. Soc., vol. 2, pp. 334-366, Feb. 2021.

CF-MIMOUM-MIMO

CPU

User 1

User 2

User 3

User K

4G 5G 6G

2-8

128

1024

Number of antennas
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KPI 2: Peak Data Rate

1024 1024 elements for 

THz band (0.06-10THz) [1]

I. F. Akyildiz, andJ. M. Jornet, ñRealizing ultra-massive MIMO (1024 1024) communication in the (0.06ï10) terahertz band,ò Nano Commun. Netw., vol. 8, pp. 46-54, Jun. 2016.

¸100 peak  data rate improvement for 6G

ü Using mmWaveand THz can achieve this improvement with the abundant spectral resources

ü Very large antenna array is required to counteract the serious path loss in high-frequency band

mmWave THz
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KPI 3: Coverage

RIS

RIS

C. Huang, A. Zappone, G. C. Alexandropoulos, M. Debbah and C. Yuen, ñReconfigurable Intelligent Surfaces for Energy Efficiency in Wireless Communication,ò IEEE Trans. Wireless Commun., 

vol. 18, no. 8, pp. 4157-4170, Aug. 2019.

¸By dynamically manipulating the transmission environment, reconfigurable intelligent 

surface (RIS) brings new possibilities for capacity and coverage enhancement

¸Thousands of antennas are usually employed to overcome the ñmultiplicative fadingò 

effect of RIS
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Extremely Large Antenna Arrays (ELAA)

Peak data rate
Coverage

ELAA

Spectral efficiency

CF-MIMO

Spectral efficiency

UM-MIMO

¸ ELAA is the common feature for the above technologies
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Massive MIMO vs. ELAA

Massive MIMO ELAA

Architecture

Number of antennas 64 ~ 256 1000+

Array aperture Big Bigger

Beam gain High Higher

Precoding complexity High Higher

Beam management Difficult Very difficult

Power consumption High Higher

Is there any fundamental changebetween the massive MIMO and ELAA  
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Electromagnetic Propagation: Near-Field vs. Far-Field 

It has a critical difference of the  EM characteristics between the near-field and far-field
M. Cui, Z. Wu, Y. Lu, X. Wei, and L. Dai, ñNear-field MIMO communications for 6G: Fundamentals, challenges, potentials, and future directions,ò IEEE Commun. Mag., vol. 61, no. 1, pp. 

40-46, Jan. 2023.

¸Electromagnetic (EM) propagation can be divided into far-field and near-field regions

ü Boundary of these regions is the Rayleigh distance 

ü In far-field, EM propagation can be approximately modeled by the planar wave 

ü In near-field, EM propagation has to be accurately modeled by the spherical wave
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Near-Field for ELAA

Evolution from massive MIMO to ELAA results in fundamental change of spherical propagation model

3 GHz 7 GHz 28 GHz 142 GHz

0.5 m 5 m 12 m 47 m 237 m

1.6 m 51 m 119 m 476 m /

3.0 m 180 m 420 m / /

Table I. Rayleigh distance [m]  (Typical 5G cell radius: 150-250 m)

╓ █

M. Cui, Z. Wu, Y. Lu, X. Wei, and L. Dai, ñNear-field MIMO communications for 6G: Fundamentals, challenges, potentials, and future directions,ò IEEE Commun. Mag., vol. 61, no. 1, pp. 

40-46, Jan. 2023.

¸ 5G with massive MIMO : Users are located in the far-field region

¸ 6G with ELAA : Users are more likely located in the near-field region
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Prototypes of ELAA for Near-Field Communications

MIT : 3200-elementELAA Tsinghua: 2304-element ELAA

[1] M. Uusitalo, P. Rugeland, M. Boldi, E. C. Strinati, andY. Zou,ñRFocus: Beamformingusingthousandsof passiveantennas,òin Proc. 17th USENIXSymposiumonNetworkedSystemsDesignand

Implementation(NSDIô20), Feb. 2020.

[2] M. Cui, Z. Wu, Y. Chen,S. Xu, F. Yang,andL. Dai,ñDemo: Low-powercommunicationsbasedonRIS andAI for 6G,òin Proc. IEEE ICC, May 2022. (IEEEICC2022OutstandingDemoAward)
[3] Qualcomm,ñMWC 2024: Wirelessinnovationsenablingintelligentcomputingeverywhere,òQualcomm,Feb. 2024. [Online]. Available: https://www.qualcomm.com/news/onq/2024/02/mwc-2024-

wireless-innovations-enabling-intelligent-computing-everywhere.

Qualcomm: 4096-element ELAA

¸ MIT: 3200-element ELAA@2.4 GHz, Rayleigh distance 600 m

¸ Tsinghua: 2304-element ELAA@28 GHz, Rayleigh distance25 m

¸ Qualcomm: 4096-element ELAA@13 GHz, Rayleigh distance95 m

https://www.qualcomm.com/news/onq/2024/02/mwc-2024-wireless-innovations-enabling-intelligent-computing-everywhere
https://www.qualcomm.com/news/onq/2024/02/mwc-2024-wireless-innovations-enabling-intelligent-computing-everywhere
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Base Station

SIC for near 

user signal

Far user signal 

decoding

Near Field Far Field

Strong 

User

Weak 

User

Applications of Near-Field Communications

¸Near-field spherical waves enables near-field beamfocusing

Near-Field 

Beamfocusing

Communications

Increased capacity 

through signal focusing

Sensing and Localization 

Higher accuracy 

through distance sensing

Ễ

Wireless Power Transfer 

Improved efficiency 

through energy focusing
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3GPP Proposals for Near-Field Communications

Proposalat 3GPPTSG RAN Meeting in Dec. 2023

¸ In Dec. 2023 and Apr . 2024, 3GPP has approved the 7-24 GHz channel modeling

proposals,where near-field propagation is an important researchtopic

[1] RP-234018. Studyon channelmodellingenhancementsfor 7-24 GHz for NR. Edinburgh: 3GPP,Dec. 2023.

[2] R1-2403261. Changesto TR38.901. Changsha: 3GPP,Apr. 2024.

[3] R1-2403280. Discussiononchannelmodelvalidationof TR38.901for 7-24GHz. Changsha: 3GPP,Apr. 2024.

[4] R1-2403285. Discussiononmodelingnear-field propagationandspatialnon- stationarityin TR38.901for 7-24GHz. Changsha: 3GPP,Apr. 2024.

Proposalat 3GPPRAN1 Meeting in Apr. 2024
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The First White Paper on Near-Field Communications

¸The first white paper on near-field technologies released at Global 6G Conference 2024 

¸Contributed by 200+peoplefrom 40+global entities of 12countries

Y. Zhao, L. Dai,  J. Zhang, et al. ñ6G near-field technologies white paper,ò FuTUREForum, Nanjing, China, Apr. 2024.

Released at the Global 6G Conference, 2024  The first white paper QR code for download
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Part 2:  Fundamentals of Near-Field Communications
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Far-Field vs. Near-Field 

— ίὭὲ‮
Ὠ

ὲὨ

— ίὭὲ‮

ὶ

ὶ

ὲὨ

Distance:ὶ ὶ ὲὨ ςὲὨὶ—

Phase:‰ ὶ ὲὨ ςὲὨὶ—ὶ

Antenna index:ὲᶰ ὔȟỄȟπȟỄȟὔ

Far-field

Non-linear

Phase: ‰ ὲὨ—

Distance:Ὠ ὲὨ—

¸ Far-field: the EM wavesimpinging on the antenna array can be approximately modeledas

planar waves, where the phaseof the EM waveis a linear function of the antennaindex

¸ Near-field: the EM waves have to be accurately modeled as spherical waves, where the

phaseof the EM waveis a non-linear function of the antennaindex

Antenna number: ὓ ςὔ ρ

‮

ππ

‮

Linear

Near-field
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Definition of Rayleigh Distance

Near-field Far-filed

Ễ

Spherical wave Planar wave

Rayleigh distance

ςὈȾ‗

¸ The metric to determine the boundary betweenthe far-field and near-field regionsis the Rayleighdistance

Rayleigh distance: The planar wavesare a long-distanceapproximation of the spherical waves. When the

largest phaseerror ɝ ‰ ‰ betweenthe accurate phase‰ and the approximated phase‰ is

ÍÁØɝ “Ⱦψ, then the Tx-Rx distanceis the Rayleighdistance(RD), satisfying

whereὈdenotesthe array aperture, and‗is the wavelength.

2$ ,

J. Sherman, ñProperties of focused apertures in the Fresnel region,ò IRE Trans. Antennas Propag., vol. 10, no. 4, pp. 399ï408, Jul. 1962.
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¸To derive the Rayleigh distance,it is essentialto derive the specificvalue of phaseerror

ɝ ‰ ‰ , where‰ ὶ ὲὨ ςὲὨὶ—ὶ and‰ ὲὨ—

¸‰ is the approximation of ‰ through first -order Taylor expansion. Therefore, the

phaseerror ɝ is mainly determinedby the second-order Taylor expansion

¸By maximizing the phaseerror ɝ acrossthe entire array

Derivation of Rayleigh Distance

‰ ὶ ρ ρ ὶρ έ ρ

ὲὨ— “ὲὨ έ

Far-field phase ‰ Phase error ɝ

ἵἩὀɝ “ὔὨ ὶ 2$

Phase error ɝ “ὲὨ

— π
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Near-Field Ranges for Typical Scenarios

SIMO/MISO MIMO RIS

ὶ ὶNear-field range

Communication

scenario

¸ The near-field rangeof SIMO/MISO is exactlydeterminedby the classicalRayleighdistance

¸ For the MIMO scenario,both the BS array aperture Ὀ and the UE array aperture Ὀ contribute to

the Rayleighdistance

¸ For the RIS scenario,the near-field range is determinedby the harmonic meanof the BS-RIS distance

ὶand RIS-UE distanceὶ

M. Cui, Z. Wu, Y. Lu, X. Wei, and L. Dai, ñNear-field MIMO communications for 6G: Fundamentals, challenges, potentials, and future directions,ò IEEE Commun. Mag., vol. 61, no. 1, pp. 

40-46, Jan. 2023.

Ὀ Ὀ Ὀ
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Near-Field LoS Channel Model

¸ Basestation (BS) antenna number ὓ ςὔ ρ, antenna spacingὨ ‗Ⱦς, array aperture

Ὀ ὓ ρὨ, the location of theὲ-th antennais πȟὲὨ, whereὲᶰ ὔȟỄȟπȟỄȟὔ

¸ The channelbetweentheὲ-th antennaand the user locatedat ὶÃÏÓÎÉÓὶȟ‮‮ is

¸ Generally, the complexgainsare very similar whenὶ ρȢςὈ

¸ Therefore, the LoS channelis

Ὤ ὫὩ ὫὩ

Ὣ Ễ Ὣ Ễ Ὣ Ὣ

▐ Ὤ ȟỄȟὬȟỄȟὬ ὫὩ ȟỄȟὩ

Ὣ╪ὶȟ—

user

BS

ὶ

ὶ

— ίὭὲ‮

ὲὨ

‮

Complex gain Ὣ ὫὩ Near-field phase ‰

Near-field array response vector

E. Björnson, Ö. T. Demir, andL. Sanguinetti,ñA primer on near-field beamformingfor arraysandreconfigurableintelligent surfaces,òin Proc. 202155th AsilomarConferenceon

Signals,Systems,andComputers, pp. 105-112, Oct. 2021.
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Near-Field Multi -Path Channel Model

user

Scatter ρ

Scatter ὒ ρ

▐ Ὣ╪ὶȟ— Ὣ╪ὶȟ—

Ễ
Ễ

BS

LoS path NLoS paths

anglebetween the BS and the ὰ-th scatter

distancebetween the BS and the ὰ-th scatter

¸The multi -path channelcan be representedasthe sum ofὒnear-field array response

vectors.

X. Yin, S. Wang, N. Zhang, and B. Ai, ñScatterer localization using large-scale antenna arrays based on a spherical wave-front parametric model,ò IEEE Trans. Wireless Commun., vol. 16, 

no. 10, pp. 6543-6556, Oct. 2017.
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Far-Field Beamsteering vs. Near-Field Beamfocusing

Near-Field BeamfocusingFar-Field Beamsteering

x-axis[m]

y-
a

x
is

[m
]

x-axis[m]

y-
a

x
is

[m
]

¸Far-field beamsteering(Far-field beamforming): the transmitter can only steer the

radiated signalenergytowards a specificangle

¸Near-field beamfocusing (near-field beamforming): the spherical wave is able to

focusthe radiated signalenergyin a specificspatial location

H. Zhang,N. Shlezinger,F. Guidi, D. Dardari,M. F. Imani, andY. C. Eldar,ñBeamfocusingfor near-field multiuserMIMO communications,òIEEE Trans. WirelessCommun., vol. 21,

no. 9, pp. 7476ï7490, Sep. 2022.
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Array Gain of Near-Field Beamfocusing (1) 

¸ Array gain provided by beamfocusingon the sameanglebut different distances.

ü Assumea user is locatedat Ӷὶȟ—, then the correspondingLoS channelis

whereὓ ςὔ ρandὯ ς“Ⱦ‗denotethe wavenumber.

ü The purposeof beamfocusingis to compensatefor the phasevariation betweenantennas,

therefore, the beamfocusingvector alignedwith the location Ӷὶȟ— is

ü Then, the normalized array gain achievedby ◌ ╪ᶻ Ӷὶȟ— at any other user located at

ὶȟ— is

▐ Ӷὶȟ— Ὣ╪ Ӷὶȟ— ὫὩ Ӷ ӶȟỄȟὩ Ӷ ӶȟỄȟὩ Ӷ Ӷ

◌ Ӷὶȟ—
ρ

ὓ
╪ᶻ Ӷὶȟ—

ρ

ὓ
Ὡ Ӷ ӶȟỄȟὩ Ӷ ӶȟỄȟὩ Ӷ Ӷ

ὪὶȟӶὶȟ—
▐ ȟ ◌ Ӷȟ

▐ ȟ ◌ Ӷȟ
В Ὡ Ӷ
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Array Gain of Near-field Beamfocusing (2) 

Lemma 1: the normalized array gain achieved by ◌ ╪ᶻ Ӷὶȟ— at the user location ὶȟ— is obtained

through Fresnelapproximation as

where‍
Ӷ
.ὅ‍ ᷿ÃÏÓὸ ÄὸandὛ‍ ᷿ÓÉÎὸ Äὸare Fresnelfunctions.

ὪὶȟӶὶȟ— В Ὡ Ӷ Ὃ‍

¸ Proof:

ü Basedon the second-order Tayler expansion, Ӷὶ andὶ can beapproximated as

ü Then wehaveὯὶ ὶ Ὧὶ ὶ “ὲ
Ӷ

“ὲὼ, therefore

Ӷὶ Ӷὶ ὲὨ—
Ӷ
ὲὨὶ ὶ ςὲὨὶ—ὲὨ ὶ ὲὨ— ὲὨ

ὪὶȟӶὶȟ— В Ὡ ᷿ Ὡ Äὲ

M. Cui andL. Dai, ñChannel estimation for extremely large-scale MIMO: Far-field or near-field?,òIEEE Trans. Commun., vol. 70, no. 4, pp. 2663-2677, Apr. 2022.

᷿



27Near-Field Communications for 6G:  Fundamentals, Potentials, Challenges, and Future Directions

Array Gain of Near-Field Beamfocusing(3) 

¸Near-field array gain of planar arrays and RIS

üA similar result with that of the linear arrays

E. Björnson, Ö. T. Demir, andL. Sanguinetti,ñA primer on near-field beamformingfor arraysandreconfigurableintelligent surfaces,òin Proc. 202155th AsilomarConferenceon

Signals,Systems,andComputers, pp. 105-112, Oct. 2021.

Fresnel functions
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¸ The beamfocusinggain dependson the function Ὃ‍ and the parameter‍

¸ Distancewindow

ü Ὃ‍ showsa significant downward trend

ü To guaranteethe array gain is larger thanɜ, we have

Characteristics of Near-Field Beamfocusing

Ὃ‍ ɜ ‍
Ӷ
‍ Ὃ‍ ɜ

Ӷ

ὪὶȟӶὶȟ— Ὃ‍

‍
Ӷ

distancewindow ὶɴ
Ӷ

Ӷ
ȟ

Ӷ

Ӷ

ɜ πȢυ

‍Ȣ ρȢυχ¸ Limit performance analysis:

ü Array gain at zero distance: ÌÉÍ
ᴼ
Ὃ‍ Ὃ Њ π

ü Array gain at infinite distance: ÌÉÍ
ᴼ

Ὃ‍ Ὃ ὓ Ὠ ρ — Ⱦς‗Ӷὶ
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¸ Limit performance analysis:

ü Array gain at zero distance: ÌÉÍ
ᴼ
Ὃ‍ Ὃ Њ π

ü Array gain at infinite distance: ÌÉÍ
ᴼ

Ὃ‍ Ὃ ὓ Ὠ ρ — Ⱦς‗Ӷὶ

¸ Distancewindow

¸ Parameters

Simulation Results of Near-Field Beamfocusing

ὶɴ
Ӷ

Ӷ
ȟ

Ӷ

Ӷ

Parameters Values

Carrier 30 GHz

Array structure 256-ULA

— ⱫȾ

Ӷὶ 15 meters

ɜ 0.5

Array gain floor 

Ὃ
Ӷ

0

M. Cui andL. Dai,ñChannelestimationfor extremelylarge-scaleMIMO: Far-field or near-field?,òIEEE Trans. Commun., vol. 70, no. 4, pp. 2663-2677, Apr. 2022.

E. Björnson, Ö. T. Demir, and L. Sanguinetti,ñA primer on near-field beamformingfor arraysandreconfigurableintelligent surfaces,òin Proc. 202155th AsilomarConferenceon

Signals,Systems,andComputers, pp. 105-112, Oct. 2021.

[1]

[2]
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Effective Rayleigh distance (ERD)

ü Definition: When the array gain lossof the far-field beam

in the near-field region isυϷ , the Tx-Rx distanceis

Classical Rayleigh distance (RD)

ü Definition: When the largest phase error between the

planar wave and spherical wave is “Ⱦψ, the Tx-Rx

distanceis

2$

Proposed Effective Rayleigh Distance

¸ Derive the effective Rayleigh distance from the view of array gain loss

%2$πȢσφχÃÏÓ$2‮

M. Cui, L. Dai, R. Schober, andL. Hanzo,ñNear-field widebandbeamformingfor extremelylargeantennaarray,òIEEETrans. WirelessCommun., earlyaccess,May 2024.

ὶɴ
Ӷ

Ӷ
ȟ

Ӷ

Ӷ

Distancewindow
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Part 3:  Opportunities of Near-Field Communications
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Outline of Part 3

Å Near-Field Single-User MIMO Capacity Enhancement

Å Near-Field Location Division Multiple Access

Å Near-Field DMA Assisted Multi-User Communications

Å Near-Field Wireless Power Transfer

Å Near-Field Assisted Localization

Å Near-Field Physical-Layer Security

Å Near-Field Region Enlargement with Circular Arrays
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Transmitter

Receiver

LoS path

¸ Based on planar wave assumptions,degreesof freedom (DoF) are limited in line-of-sight

(LoS) far-field channel

Limited DoFsfor Far -Field LoS Channel

The rank-one LoS channelcan only support one data stream

O. Ayach, S. Rajagopal,S. Abu-Surra, Z. Pi, andR. W. Heath,ñSpatiallysparseprecodingin millimeterwaveMIMO systems,òIEEETrans. WirelessCommun., vol. 13, no. 3, pp. 1499ï1513, Jan. 2014.

ἒ ‌ ἩÒ— Ἡ —

Far-field channel

Ἡ‰
ρ

ὔ
ρȟὩ ȟỄȟὩ

Rank-one matrix

Distance:Ὠ ὲὨ—

Phase: ‰ ὲὨ—

Far-field steering vector
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Near-field LoS channel 

¸ The rank-onefar-field LoS channelis not valid any more in the near-field region

¸ Basedon spherical waves, the near-field LoS channelbecomeshighly ranked

From rank -one channel to highly ranked channel

Near-field channel

ὲὨ—

Far-field phase ‰

ἒ

‌ȟὩ
ϳȟ ȢȢȢ ‌ȟ Ὡ

ϳȟ

ể Ệ ể

‌ ȟὩ
ϳȟ ȢȢȢ‌ ȟ Ὡ

ϳȟ

Phase:‰ ὶ ςὲὨὶ—ὲὨ ὶ

Ò 2$

Significantly increased rank

Not valid in near-field region

Transmitter
Receiver

LoS path 
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Transmitter
Receiver

LoS path 

¸ The DoFs can significantly increase in the near-field region when both BS and UE are

equippedwith ELAAs

Increased DoFsfor Near-Field LoS Channel

D. A. Miller, ñWaves,modes,communications,andoptics: A tutorial,òAdv. in Opt. andPhoton., vol. 11, no. 3, pp. 679ï825, Sep. 2019.

N. DecarliandD. Dardari,ñCommunicationmodeswith largeintelligentsurfacesin thenearfield,òIEEEAccess,vol. 9, pp. 165648ï165666, Sep. 2021.

[12]

[13]

Near-field LoS channel

ρπ DoFsin the 

near-field region

ρπ DoFsin the 

far-field region

The capacity is expected to be significantly enhancedwith increased DoFs
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RF Chains

RF Chains

Baseband

Processing

Digital Precoding Analog Precoding Array

¸ However, limited by the small number of RF chains, the classicalhybrid precoding can not

efficiently utilize the increasedDoFsto enhancethe capacity

Limitation of hybrid precoding architecture

Precoding Region Spatial DoFs RF chains Spectral Efficiency

Hybrid

Precoding

Far-Field Low RF Chains DoFs Near Optimal

Near-Field High RF Chains ḺDistance-Related DoFs Far From Optimal

How to efficiently utilize the significantly increased DoFsin near field
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RF Chains

RF Chains

Baseband

Processing

Digital Precoding Analog Precoding Array

RF Chains

Selection

Circuit

RF Chains

RF Chains

RF Chains

Scalable 

RF Chains

Baseband

Processing

Array

¸ Basedon the distance-related DoFs in the near-field region, the distance-aware precoding

architecture is proposed

¸ The number of activated RF chains can be configured to match the increasedDoFs in the

near-field region

Distance-Aware Precoding Architecture

Hybrid Precoding Distance-Aware Precoding

Z. Wu, M. Cui, Z. Zhang,andL. Dai, ñDistance-awareprecodingfor near-field capacityimprovementin XL-MIMO,òin Proc. IEEE 95th Veh. Technol. Conf. (IEEEVTCô22 Spring),

Helsinki,Finland,Jun. 2022.
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¸ In the distance-aware precoding architecture, the number of RF chains can be flexibly

adjusted to match the spatial DoFs

¸ The spectral efficiencycan besignificantly enhancedin the near-field region

Simulation Results

50% improvement

spectral efficiency

4 RF chains

Proposed architecture

8 RF chains

Parameters Values

Carrier 100 GHz

BS antennas 256

MS antennas 256

SNR 30 dB

X. Gao, L. Dai, S. Han, C.-L. I, and R. W. Heath, ñEnergy-efficient hybrid analog and digital precoding for mmwaveMIMO systems with large antenna arrays,òIEEE J. Sel. Areas Commun., vol. 34, no. 4, 

pp.998ï1009, Apr. 2016.

X. Yu, J. Z. J. Shen, and K. B. Letaief, ñAlternating minimization algorithms for hybrid precoding in millimeter wave MIMO systems,òIEEE J. Sel. Areas Commun., vol. 10, no. 3, pp. 485ï500, Apr. 2016.

[1]

[2] 
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Outline of Part 3

Å Near-Field Single-User MIMO Capacity Enhancement

Å Near-Field Location Division Multiple Access

Å Near-Field DMA Assisted Multi-User Communications

Å Near-Field Wireless Power Transfer

Å Near-Field Assisted Localization

Å Near-Field Physical-Layer Security

Å Near-Field Region Enlargement with Circular Arrays
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¸Spatial division multiple access(SDMA) is employedby massiveMIMO to multiplex

data streamsto different usersfor improving spectralefficiency

¸ In massive MIMO systems, far-field beamsteering vectors only focus on specific

angles,which enablesthe multiple accessfor usersat different angles

Challenge of SDMA for Far-Field Communication

SDMA for far -field 

communications

BS UE1

UE2 UE4

UE3

Users at the same anglecannotbe simultaneously served by massive MIMO with SDMA
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¸Far-field beamsteeringvectorsfocuson specificspatial angle

¸Near-field beamfocusing is capable to focus on specific location, which could be

leveragedto mitigate inter-user interferences

Mitigated Interference with Near-Field Beamfocusing

Far-field beamsteering Near-field beamfocusing

Near-field beamfocusinghas the potential to serve users at the samespatial angle
H. Zhang,N. Shlezinger,F. Guidi, D. Dardari,M. F. Imani, andY. C. Eldar,ñBeamfocusingfor near-field multiuserMIMO communications,òIEEE Trans. WirelessCommun., vol. 21,

no. 9, pp. 7476ï7490, Sep. 2022.
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¸Far-field SDMA: Usersat different anglescanbeservedby orthogonal far-field beams

¸Near-field location division multiple access(LDMA) : Usersat different locations can

be simultaneouslyserveddue to property of near-field beamfocusing

Multiple Access for Near-Field Communications: SDMA or LDMA? 

Compared with far-field SDMA, near-field LDMA provides a new dimensionfor capacity improvement

Far-field SDMA Near-field LDMA

ñFlashlightò ñSpotlightò

Z. Wu andL. Dai,ñMultiple accessfor near-field communications: SDMA or LDMA? òIEEE J. Sel. AreasCommun., vol. 41, no. 6, pp. 1918-1935, Jun. 2023.
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¸Far-field orthogonality in angular domain

Distance Domain Asymptotic Orthogonality

Phase: ‰ — ὲὨ—

Correlation: Ὢ ȿἩ — Ἡ— ȿ

¸Lemma 2: Near-field orthogonality in distancedomain

As ὔᴼЊ, interference from different angles Ὅ ᴼπ(— —) 

Phase: ‰ — ὲὨ— “ὲὨ

Correlation: Ὢ ȿἩ —ȟὶἩ—ȟὶȿ Ὃ‍

As ὔᴼЊ, interference from different distances Ὅ ᴼπ
( —ᶅȟὶ ὶ) 

where‍
Ӷ

Correlation with increasing antennas

Correlation tends to 0
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¸Scenario1: Usersare linearly distributed along the samedirection

¸Scenario2: Usersare uniformly distributed within a cell

Simulation Results for LDMA

BS Antennas UE Antennas Frequency UE Numbers
Elevation/ Azimuth 

Angle Range
Distance Range

256 1 30 GHz 20 [ ⱫȾ , ⱫȾ ] [4m, 100m]

Near-field LDMA

Far-field SDMA

Fully -digital

60%

Scenario 1
Near-field LDMA

Fully -digital

Far-field SDMA

45%

Scenario 2

Z. Wu andL. Dai,ñMultiple accessfor near-field communications: SDMA or LDMA? òIEEE J. Sel. AreasCommun., vol. 41, no. 6, pp. 1918-1935, Jun. 2023.
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Outline of Part 3

Å Near-Field Single-User MIMO Capacity Enhancement

Å Near-Field Location Division Multiple Access

Å Near-Field DMA Assisted Multi-User Communications

Å Near-Field Wireless Power Transfer

Å Near-Field Assisted Localization

Å Near-Field Physical-Layer Security

Å Near-Field Region Enlargement with Circular Arrays
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¸Emerging antennatechnology

ü Scalable

ü Low power

¸Dynamically configurable radiation pattern

¸Applications

ü Microwave imaging

ü Radar systems

ü Satellite communications

¸ Intelligent reflective surfaces

ü Shlezingeret. al 19-20 

ü Collaboration with the group of Prof. David Smith

Emerging Dynamic MetasurfaceAntennas 
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[1] N. Shlezinger, O. Dicker, Y. C. Eldar, I. Yoo, M. F. Imani, and D. R. Smith, ñDynamic metasurfaceantennas for uplink massive MIMO systems,ò IEEE TWC, 2019. 

[2] H. Wang, N. Shlezinger, Y. C. Eldar, S. Jin, M. F. Imani, I. Yoo, and D. R. Smith, ñDynamic metasurfaceantennas for MIMO-OFDM receivers with Bit-Limited ADCs,ò IEEE TCOM, 2021.

Lorentzian-constrained frequency response: ήȟᶰא ȿ‰ᶰπȟς“

Dynamic Metasurface (Analog Precoders)
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Near-field Channel Model with UPA

¸We consider a downlink multi -user

MIMO systemwhere the BS employsa

uniform planar array (UPA)

¸ The signal received by the άth user,

located at p ὼȟώȟᾀ is given

by

H. Zhang, N. Shlezinger, F. Guidi, D. Dardari, M.F. Imani, and Y. C. Eldar, ñBeam focusing for near-field multi-user MIMO communications,ò IEEE Trans. Wireless Commun., 2022.

Near-Field Channel

Channel Gain

Radiation profile
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¸Near-field multi -usercommunicationswith DMA

¸The aim is to design the transmission beam

pattern to maximize the achievablesum-rate

Structure Constraint of DMA
Lorentzian constraint of each element of DMA

Near-Field Communications with DMAs

H. Zhang, N. Shlezinger, F. Guidi, D. Dardari, M.F. Imani, and Y. C. Eldar, ñBeam focusing for near-field multi-user MIMO communications,ò IEEE Trans. Wireless Commun., 2022.
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Comparison of beam focusing and beam steering in terms of achievable rate

ὼ

ᾀ

user1

y

ᾀ

Beam focusing can not only increase the signal strength of the target point but also decrease 

the interference to other non-target points located in the far field

Low interference at far-field region!

H. Zhang,N. Shlezinger, F. uidi, D. Dardari, and  Y.C. Eldar, ñ6G wireless communications: From far-field beam steering to near-field beam focusing,ò IEEE Commun. Mag., Apr. 2023.

Simulation Results
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Achievable rates per user versus location along the z-axis.

ὼ
ᾀ

user1

y

ᾀ

ᾀ

user2

Beam focusing can simultaneously serve multiple users located at the same angular angle, 

whereas beam steering is unable to distinguish these users

Simulation Results

H. Zhang,N. Shlezinger, F. uidi, D. Dardari, and  Y.C. Eldar, ñ6G wireless communications: From far-field beam steering to near-field beam focusing,ò IEEE Commun. Mag., Apr. 2023.
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Outline of Part 3

Å Near-Field Single-User MIMO Capacity Enhancement

Å Near-Field Location Division Multiple Access

Å Near-Field DMA Assisted Multi-User Communications

Å Near-Field Wireless Power Transfer

Å Near-Field Assisted Localization

Å Near-Field Physical-Layer Security

Å Near-Field Region Enlargement with Circular Arrays
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¸6G networks are envisioned to support the

Internet -of-Everything (IoE) applications suchas

in-home setups as well as industrial and

commercialsettings.

¸Most of theseIoE deviceswill be either battery-

poweredor battery-less.

¸How to prolong the lifetime of theseIoE devices

becomesa key challenge.

¸RF-basedwireless power transfer (WPT) allows

to power up or charge wireless deviceswithout

requiring a wiring infrastructure .

Radio Frequency (RF)-Based Wireless Power Transfer


