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Conquering the Spectrum above 100 GHz for 6G
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On the Road to 6G Systems

Compare to 

(up to) 2x400 MHz 

in 5G NR!
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• 6G is happening within the next 5 years 

• Both academia and industry agree on 

1Terabit-per-second (Tbps) peak 

data-rate as a reasonable goal

• How much bandwidth do we 

need for this?

• It depends on:

• Modulation order/channel

• Number of MIMO channels
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On a Quest for Resources

Where do we find such bandwidth?

0 1 2 3 4 5 6 7 8 9 10 THz

Optical 

Wireless 

Systems

The Sub-Terahertz and Terahertz Bands/

Submillimeter Waves

…

I. F. Akyildiz, C. Han, Z. Hu, S. Nie, J. M. Jornet “Terahertz Communications: An Old Problem Revisited 

and Research Directions for the Next Decade” IEEE Transactions on Communications, 2022.
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Everything
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Opportunities at Terahertz Frequencies

Communications Sensing

Terabit body and personal networks

Terabit wireless access

Terabit wireless backhaul

Inter-satellite and space networks

High resolution radar/localization

Non-damaging imaging

Spectroscopy

Earth and space exploration
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Joint THz Communications and Sensing

Room occupancy: 70%

Air quality: Acceptable

Ultrabroadband

Ultra-directional Links
Intelligent 

Reflecting 

Surfaces
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Uniqueness of THz JCS: 

- Not only target detection and 

tracking, but also target classification

- All while characterizing air quality
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Joint THz Communications and Sensing

Distributed MIMO

Cross-link 

Communication Passive Spectroscopy

Active Radar Mapping
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Uniqueness of THz JCS: 

-You can only do this at frequencies 

where absorption is present: many 

more above 100 GHz than below!

S. Aliaga, A. Al Qaraghuli, 

J. M. Jornet

“Joint Terahertz 

Communication and 

Atmospheric Sensing in 

Low Earth Orbit 

Satellite Networks: 

Physical Layer Design,” 

in Proc. of the 2nd IEEE 

WoWMoMWorkshop 

on NTN for 6G, 2022. 

(Best Paper Award)
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From Materials to Standards

Standardization

Policy and Regulation

Networking

Communications and Signal 
Processing

Propagation and Channel 
Modeling

Materials and Devices
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Conquering the Spectrum above 100 GHz
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Closing the terahertz technology gap with electronic, photonic and plasmonic 

front-ends, antenna arrays and metasurfaces, and ultrabroadband DSP engines
Materials, Devices and Testbeds

DSO

160 GSa/s

63 GHz

AWG

92 GSa/s

DC Power 

Analyzers

Downconverter

120-140 GHz

Upconverter

120-140 GHz

Signal 

Generator

Multi-channel 

Signal Generator
40-50 dBi 

Lens Horn 

Antennas

Upconverter

1-1.05 THz

RFSoC
Upconverter

210-230 GHz

Upconverter

95-120 GHz

Signal 

Generator

20 dBi 

Horn 

Antenna

From Devices…

…To Platforms
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P. Sen, V. Ariyarathna, A. Madanayake, J. M. Jornet, “A Versatile Experimental Testbed for 

Ultrabroadband Communication Networks Above 100 GHz,” Elsevier Computer 

Networks, vol. 193, July 2021.
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Our Next Platform? At an Altitude of 400 km!

• With the support of the NASA CubeSat Launch Initiative Program, we are launching two satellites 

to test terahertz communications in space

• Timeframe: 2024-2027
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Conquering the Spectrum above 100 GHz

From studying the physical phenomena affecting the propagation of terahertz 

waves to experimentally characterizing, collecting and sharing channel data

Propagation and Channel 
Modeling

Up-converter

AWG

Tx LO

Down-converter
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Conquering the Spectrum above 100 GHz
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Defining ultrabroadband terahertz communication solutions, e.g., new waveforms 

that leverage absorption, ultra-massive MIMO, self-healing wavefronts

Communications and Signal 
Processing

BBs’ unique amplitude and phaseprofile. Due to their unparalleled attributes, BBs have found applications in several fields10

ranging from optics11 and biophotonics12 to quantum communications13. Some notable applications include trapping and

manipulating microscopic particles14, optical coherence tomography15, light-sheet microscopy16, etc. There are several ways

to generate these BBs: transforming a ring-shaped beam with a lens17, using a conical optical element called an axicon18,

using computer-generated holograms19 or metasurfaces20, etc. Out of these methods, an axicon is one of the most commonly

used tools to transform conventional Gaussian beams (GBs) to BBs due to its simplicity. In general, BBs can be organized

into two categories, namely, zeroth-order BBs and higher-order BBs. Zeroth-order BBs contain ahigh-intensity central spot

surrounded by rings, while higher-order BBs contain a dark center with rings around it. In this paper, we primarily focus on the

zeroth-order BBs.

BBs in the THz domain are still under preliminary investigation. A proliferation in the availability of THz sources and

3D-printed optics has sped up the usage of THz BBs. Nonetheless, there are only a few works to date that demonstrate the

generation and application of THz BBs.

In thispaper, weexperimentally demonstrate high-data-rate THz BB communications and compare the results with standard

Gaussian beam communications. The published articles mentioned above, specifically thesingleantenna-based BBs generation,

are primarily associated with the generation of THz BBs and their applications in imaging. BBs have a more extensive

diffraction-free length than Gaussian beams and can substantially improvedepth of focus along with an increase in resolution.

Prior works focused on this aspect and showed applications such ascomputed tomography, increased quality in the captured

imagedueto higher resolution, etc. However, thereareno published worksthat useTHz BBsfor high-data-ratecommunications,

and our work is thefirst one to illustrate theapplications in thefield of communications. In this article, wealso demonstrate

the performance of BBs in overcoming obstacles during communication and perform quantitativeanalyses to showcase the

benefit of THz BBs. We then extend our study to RIS-generated BBs, as such a system can replace single antenna-based

communications in the future. Weperform this analysis theoretically using MATLAB. In an RIS system, the spacing between

the elements plays a critical role and can affect the quality of the generated beam. Our theoretical model can determine

the relationship between antennaelements’ physical dimensions in an array, the quality of generated BBs, and its ability to

reconstruct after an obstacle.

The work in this paper is organized as follows. In the results section, wefirst experimentally demonstrate that BBs can

carry data and compare the bit error rate with conventional Gaussian beams. Then, we introduce an obstacle and transmit data

with and without axicon (i.e. generating BBs and Gaussian beams, respectively) and experimentally compare their performance.

Next, we provide a method to numerically assess the quality of RIS-generated BBs and use this assessment to analyze the

RIS-generated BBs’ ability to reconstruct. In the discussion section, we provide our insights on the attractiveuse of THz BBs

in the next-generation THz communication systems. We summarize and conclude our work in the conclusion section, and we

present any additional information on our process in the Methods section.
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Figure 1. Terahertz Bessel beam (BB) generation – (a) Amplitude profileof ageneric BB; (b) Phaseprofileof the same BB

shown in (a); (c) A 2D simulation (XZ-profile) of BB generated through the designed axicon; (d) terahertz testbed with an

axicon mounted to the transmitter (Tx) while the receiver (Rx) is placed 40cm away from the Tx.
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Next, we provide a method to numerically assess the quality of RIS-generated BBs and use this assessment to analyze the

RIS-generated BBs’ ability to reconstruct. In the discussion section, we provide our insights on the attractiveuseof THz BBs

in the next-generation THz communication systems. Wesummarize and conclude our work in the conclusion section, and we

present any additional information on our process in the Methods section.

0

/2

3 /2

2

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60

Transmission Distance [cm]

V/m
2.5

2

1.5

1

0.5

0

5

-5

a b d

c

a.u. a.u.

Figure 1. Terahertz Bessel beam (BB) generation – (a) Amplitude profileof ageneric BB; (b) Phaseprofileof the same BB

shown in (a); (c) A 2D simulation (XZ-profile) of BB generated through the designed axicon; (d) terahertz testbed with an

axicon mounted to the transmitter (Tx) while the receiver (Rx) is placed 40cm away from the Tx.

2/11

BBs’ unique amplitude and phaseprofile. Due to their unparalleled attributes, BBs have found applications in several fields10

ranging from optics11 and biophotonics12 to quantum communications13. Some notable applications include trapping and

manipulating microscopic particles14, optical coherence tomography15, light-sheet microscopy16, etc. There areseveral ways

to generate these BBs: transforming a ring-shaped beam with a lens17, using a conical optical element called an axicon18,

using computer-generated holograms19 or metasurfaces20, etc. Out of these methods, an axicon isone of the most commonly

used tools to transform conventional Gaussian beams (GBs) to BBs due to its simplicity. In general, BBs can be organized

into two categories, namely, zeroth-order BBsand higher-order BBs. Zeroth-order BBscontain ahigh-intensity central spot

surrounded by rings, while higher-order BBs contain a dark center with rings around it. In this paper, we primarily focus on the

zeroth-order BBs.

BBs in the THz domain are still under preliminary investigation. A proliferation in the availability of THz sources and

3D-printed optics has sped up the usage of THz BBs. Nonetheless, there are only a few works to date that demonstrate the

generation and application of THz BBs.

In thispaper, weexperimentally demonstrate high-data-rateTHz BB communications and compare theresults with standard

Gaussian beam communications. The published articles mentioned above, specifically thesingleantenna-based BBs generation,

are primarily associated with the generation of THz BBs and their applications in imaging. BBs have a more extensive

diffraction-free length than Gaussian beams and can substantially improvedepth of focus along with an increase in resolution.

Prior works focused on this aspect and showed applications such ascomputed tomography, increased quality in thecaptured

imagedueto higher resolution, etc. However, thereareno published worksthat useTHz BBsfor high-data-ratecommunications,
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present any additional information on our process in the Methods section.

0

/2

3 /2

2

0.2

0.4

0.6

0.8

1

0 10 20 30 40 50 60

Transmission Distance [cm]

V/m
2.5

2

1.5

1

0.5

0

5

-5

a b d

c

a.u. a.u.

Figure 1. Terahertz Bessel beam (BB) generation – (a) Amplitude profileof ageneric BB; (b) Phaseprofileof the same BB

shown in (a); (c) A 2D simulation (XZ-profile) of BB generated through the designed axicon; (d) terahertz testbed with an

axicon mounted to the transmitter (Tx) while the receiver (Rx) is placed 40cm away from the Tx.
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From Waveforms …

… to Wavefronts

I. V.A.K. Reddy, D. Bodet, A, Singh, V. Petrov, C. Liberale, and J. M. 

Jornet, “Ultrabroadband Terahertz-band Communications 

with Self-healing Bessel Beams,” Nature 

Communications Engineering, October 2023.

11



An Evolution of How We Think of Radiation

Before 5G

(sub-6 GHz, no directivity)

5G

(mmWave, beamforming)
After 5G

(sub-THz, beamshaping)

Near-field region

<10cm 1-5m 10-100+m

12
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Conquering the Spectrum above 100 GHz
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Conceive protocols to ensure end-to-end connectivity in networks that are highly 

disconnected (also in extreme environments, e.g., planes & satellites). 
Networking

𝑠

𝑆 𝐷𝑅𝐿(1)

𝑑𝑇 𝐷

Ultra-directional beam 

management 

(discovery, tracking, 

relaying)

Building open-source 

tools for the 

networking community 

to embrace the 

terahertz band
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Conquering the Spectrum above 100 GHz

From “no man’s land” to spectrum sharing and coexistence between active 

communication users and passive sensing services
Policy and Regulation
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Spectrum Sharing and Coexistence

• An example: we designed, built and tested a dual-band system 

able to switch between 120/240 GHz 

• Dynamically reconfigurable in real-time to avoid interference

• Automated tracking of passive satellites

Transmitter

Receiver

43 m

123.5-140 GHz

210-225 GHz

M. Polese, X. Cantos-Romana, A. Singha, M. J. Marcus, T. J. Maccarone, 

T. Melodia, and J. M. Jornet, “Coexistence and Spectrum 

Sharing Above 100 GHz,” in Proceedings of the IEEE, vol. 

111, no. 8, pp. 928-954, Aug. 2023.
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Conquering the Spectrum above 100 GHz

Josep Miquel Jornet ©

From the first IEEE Standard for terahertz Communications (2017, revised 2023) 

to the NextG Alliance, 3GPP
Standardization
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Thank you!
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Want to Be in the Loop?
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Join us!!!
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