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Gigabyte per month per person

2G-4G 5G

Network Capacity in Mobile Networks
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Demand Supply

Channel capacity (bit/s per access point):

𝐶 = Bandwidth ⋅ Layers ⋅ log! 1 + SNR

6G: More 
bandwidth?

Ericsson Mobility Report, 2024

Traffic doubled
every 4 years

6G: Bigger 
MIMO?



From Spherical Waves to Approximately Planar Waves

3

Direction of propagation

[Wavelength]

1000 1002 1004 1006 1008 1010

…

Reactive
near-field

Radiative near-field

User distance < 2 ⋅
𝐿! + 𝐻!

𝜆

Far-field regime

Traditional propagation scenario

𝐿×𝐻
array

Fraunhofer
distance



Spatial Multiplexing in Both Angle and Depth
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5G array:

Fraunhofer

Fraunhofer

Larger antenna array
Narrower beams and finite depth in radiative near-field

Example: Fraunhofer distance

1×1 m, 3 GHz: 40 m

1×1 m, 30 GHz: 400 m

10×10 m, 3 GHz: 4 km
Extremely large
aperture array (ELAA):



Exploiting Depth for Spatial Multiplexing of Many Users
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Base station with 𝑁 antennas
Channel vector, user 𝑘: 𝒉! ∈ 𝒮 ⊂ ℂ"

All 𝑁-dimensional vectors

Subset of physically
possible vectors

(Dimension = DOF)

“Towards 6G MIMO: Massive Spatial Multiplexing, Dense Arrays, and Interplay 
Between Electromagnetics and Processing,” arXiv:2401.02844

𝑁 = 5000 antennas
30 GHz, 1×0.5 m

500	m

250	m (Fraunhofer)

Classical 
algorithms



Theoretical Spatial 
Degrees-of-Freedom (DoF)
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5G beamforming
in the far-field

𝐿 = 0.7	m,𝐻 = 0.5 m

DOF = 𝜋
𝐿𝐻
𝜆- ≈ 110

Extremely large 
aperture array (ELAA)
𝐿 = 10 m, 𝐻 = 30 m
DOF ≈ 100000

User device
𝐿 = 0.07 m, 𝐻 = 0.15 m

DOF ≈ 3

Can we get even more?
Dual polarization: 2	× DOFs

mmWave (3 → 30 GHz): 
100× more DOFs

(3 GHz)

Maximum layers

DOF ≈ 𝜋 ./
0" layers 𝐻 m

𝐿 m

Planar 
array 

Reference: S. Hu, et al., “Beyond 
Massive MIMO: The Potential of 
Data Transmission with Large 
Intelligent Surfaces,” 2018



One Device: Line-of-Sight (LOS) Capacity Maximization

7

𝑑

Δ

1

𝑀

1

𝑀

Δ

𝐇 ∈ ℂ!×!

Problem: Optimize spacing Δ to maximize MIMO capacity
High SNR: 𝑀 equal singular values

Solution: Apply parabolic approximation of spherical waves
Enforce that the columns of 𝐇 are orthogonal

MIMO = Multiple Input Multiple Output



Optimized Planar Dual-Polarized 𝑀9×𝑀: Arrays
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Area = 𝑀#
𝑑𝜆
𝑀#

𝑀$
𝑑𝜆
𝑀$

= 𝑑𝜆 𝑀

with 𝑀 = 𝑀#𝑀$

Number of antennas in a fixed area:

𝑀 =
Area
𝑑𝜆

!

𝑑

𝑑𝜆
𝑀3

𝑑𝜆
𝑀4

Fraction of maximum DOF
Area
𝑑𝜆

!

𝜋 Area𝜆!
=
Area
𝜋𝑑!

≪ 1

2𝑀 DOFs with equal singular values
(Value independent of 𝑀)

Reference: A. Irshad, A. Kosasih, E. Björnson, L. Sanguinetti, “Optimal Dual-Polarized 
Arrays for Massive Capacity Over Point-to-Point MIMO Channels,” arXiv:2312.02050



Scaling Law: Channel Capacity vs. Wavelength

Capacity formula [bit/s]:

𝐶 = 𝐵 ⋅ 2𝑀 ⋅ log- 1 +
𝑃5

2𝐵𝑁6
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Bandwidth
Spatial DOFs

𝑀 =
Area
𝑑𝜆

-

Received power per antenna

Noise power

Isotropic antennas, area 𝐴 = 0"

78

𝑃5 =
𝜆-

4𝜋𝑑 - ⋅ 𝑃9

𝐶 → :;<=
78>"

- ?%
"&
log- 𝑒 = constant as 𝜆 → 0

Directive antennas
Antenna areas 𝐴9 and 𝐴5 with 𝐴5𝐴9 ∝ 𝜆7@A

𝑃5 =
𝐴5𝐴9
𝑑-𝜆-

⋅ 𝑃9

𝐶 = 𝑂 B
0'()

→ ∞ as 𝜆 → 0 if 𝜌 ∈ (0,2]

Reference: A. Irshad, A. Kosasih, E. Björnson, L. Sanguinetti, “Optimal Dual-Polarized 
Arrays for Massive Capacity Over Point-to-Point MIMO Channels,” arXiv:2312.02050



Great Capacity Without 
More Bandwidth
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𝑑 = 80 m
5 m2 5 m2

Carrier frequency 𝑓C (GHz)

Line-of-sight scenario:
1 Tbps

Capacity
(Gbit/s)

𝐴!𝐴" ∝ 𝜆#

𝐴!𝐴" ∝ 𝜆$

Isotropic (𝐴!𝐴" ∝ 𝜆%)

𝐵 = 90 MHz

Slightly directive antennas
Area: 𝐴5 = 𝐴9 ∝ 𝜆,   Gain: ∝ 1/𝜆

Spatial DOFs: :;<=
>0

-
= 𝑂 𝑓C-

Capacity: 𝐶 = 𝑂 𝑓C-

Saturation: 
Too low SNR per DOF

Reference: A. Irshad, A. Kosasih, E. Björnson, L. Sanguinetti, 
“Optimal Dual-Polarized Arrays for Massive Capacity Over 
Point-to-Point MIMO Channels,” arXiv:2312.02050



Summary
Much Higher Capacity in 6G Without More Bandwidth

Capacity grows as 𝑓C- thanks to MIMO
• Faster than O(𝑓C) with spectrum
• Maximum DOFs and practically useful DOFs
• Array design essential to maintain the SNR

Near-field propagation effects
• Richer channels: Control both angle and depth 
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