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Introduction

• Over the last few years, wireless data traffic has drastically increased due to a change in the way we 
consume (download), create and share (upload) information:

• More devices: 
à 8.8 billion mobile devices connected to the Internet in 2018
à 13.1 billion mobile-connected devices by 2023

• Faster connections: 
Wireless data rates have doubled every 18 months over the last 30 years
à 5G: 20 Gigabits-per-second (Gbps) (Peak)
à 6G: 1 Terabit-per-second (Tbps) links

How are we going to support these?
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On a Quest for Resources

• The 3GPP 5G NR defines operations separately for sub-6 GHz (FR1) and 24.25 to 52.6 GHz (FR2)

• Release 17 is expected to extend FR2 from 52.6 GHz to 71 GHz 

Where will 6G lay?
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Everything: Radio, TV, 
Cellular Systems, Wi-Fi, Radar, 
GPS, etc. 

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

Optical 
Wireless 
Systems

The Terahertz Band/
Submillimeter Waves

…

I. F. Akyildiz, J. M. Jornet and C. Han, “Terahertz Band: Next Frontier for Wireless Communications,” 
Physical Communication, 2014.
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Opportunities at Terahertz Frequencies

Communications
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High-speed Long-
range Rural Backhaul
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Opportunities at Terahertz Frequencies

Communications Sensing

Terabit WPAN/WLAN
Terabit wireless backhaul
Inter-satellite and Space Networks
…

6



laboratory 7



laboratory

Opportunities at Terahertz Frequencies

Communications Sensing

Terabit WPAN/WLAN
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 Communications and Sensing

Room occupancy: 70%
Air quality: Acceptable

Ultra-broadband
Ultra-directional Links

Smart 
Reflecting 
Surfaces
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Opportunities at Terahertz Frequencies

Communications Sensing

Macroscale

Nanoscale

Terabit WPAN/WLAN
Terabit wireless backhaul
Inter-satellite and Space Networks
…

High resolution radar/localization
Non-damaging imaging
Spectroscopy
Earth and space exploration

The Internet of Nano-Things
Wireless Nanosensor Networks
Wireless Networks on Chip
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Nano-antenna Nano-transceiver Nano-processor

Nanosensors Nano-memory Nano-battery

Power Nano-generator

Nanoactuators

1-10 μm

1-10 μm

I. F. Akyildiz and J. M. Jornet, “The Internet of Nano-Things,” IEEE Wireless Communication Magazine, 
vol. 17, no. 6, pp. 58-63, December 2010. 11
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From Materials to Standards

Standardization

Policy and Regulation

Networking

Communications and Signal 
Processing

Propagation and Channel 
Modeling

Materials, Devices and Testbeds
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Challenge: The Terahertz Technology Gap

• Traditionally: the lack of compact energy-efficient high-power THz signal generators and high-
sensitivity low-noise THz detectors has limited the applications of the THz band

• Ongoing solutions:

Electronics Approach

• Push the limits of electronics up
• Examples

• Frequency multiplying chains
• Resonant tunneling diodes
• Traveling wave tubes 

(vacuum electronics)
• Higher power J
• Higher phase noise L

Photonics Approach

• Push the limits of photonics down
• Examples

• Frequency-difference 
generation

• Photoconductive antennas
• Quantum cascade lasers

• Lower power L
• Faster, lower phase noise J

New Opportunity:
Plasmonic Approach

• Intrinsically THz
• Leverage new nanomaterials
• Examples

• On-chip graphene-based 
plasmonic transceivers,
antennas and antenna arrays
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Example: Frequency-multiplied THz Transceivers

NASA JPL Front-ends @ 240 GHzVDI Front-ends @ 120 GHz, 1 THz

Local oscillator

THz Frequency 
Multipliers Mixer

Multi-GHz 
Digital 

Baseband
Up/down-converter
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Some Numbers

• Silicon CMOS-based devices: power levels <1 mW per element @ frequencies < 200 GHz

• Silicon Germanium BiCMOS-bases devices: < 10 mW per element @ frequencies < 400 GHz

• III-V semiconductors:

• Indium Phosphide-based power amplifiers: 

• ~100 mW per element @ frequencies < 200 GHz (ComSenTer)

• ~ 1 mW per element @ frequencies ~ 1 THz (Northrop)

• Gallium-Arsenide-based Schottky-diode-based frequency multipliers:

• ~ 200 mW per element @ frequencies < 500 GHz (NASA JPL)

• ~ 5 mW per element @ frequencies ~ 1 THz (NASA JPL)

• Frequency multipliers generally offer much larger bandwidth than amplifier-based systems

These powers are 
considered to be  very 
high in THz standards 

(Easily tens of GHz) 15
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Our (Exotic) Approach: Graphene-based Plasmonic
THz Transceivers and Antennas

Plasmonic
Nano-antenna

Plasmonic Source Plasmonic Modulator

Electric Signal 
Detector

EM Wave

Plasmonic
Nano-antenna

SPP Wave

Modulated SPP 
WaveVoltage

1,1,1,0,1 Plasmonic Detector 
and Demodulator

Electric Signal 
Generator

1,1,1,0,1
Voltage

Modulated 
SPP Wave

True THz frequencies
Multi-GHz bandwidth (at least)
Room temperature
Electrically-pumped, on-chip
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THz Plasmonic Front-end

Transceiver: J. M. Jornet and Ian F. Akyildiz, “Graphene-based Plasmonic Nano-transceiver for Terahertz Band Communication,” in Proc. EuCAP, 
2014. U.S. Patent No. 9,397,758 issued on July 19, 2016.

Modulator: P. K. Singh, G. Aizin, N. Thawdar, M. Medley, and J. M. Jornet, “Graphene-based Plasmonic Phase Modulation for THz-band 
Communication,” in Proc. EuCAP, 2016. U.S. Patent Application filed on April 9, 2018 (Priority date April 9, 2017). 

Antenna: J. M. Jornet and I. F. Akyildiz, “Graphene-based Plasmonic Nano-antennas for Terahertz Band Communication in Nanonetworks,” IEEE 
JSAC, 2013. Shorter version in Proc. of EuCAP, Apr. 2010. U.S. Patent No. 9,643,841, issued on May 9, 2017.

Antenna Array: I. F. Akyildiz and J. M. Jornet, "Realizing Ultra-Massive MIMO communication in the (0.06-10) Terahertz band,”
Nano Communication Networks (Elsevier) Journal, June 2016. U.S. Patent 9,825,712 Nov. 21, 2017. 

III-V Semiconductor2D Electron Gas Graphene L

d

SPP Wave

Plasma Wave

To the 
modulator
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EM Wave 
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Challenge: The Terahertz Channel

• Our group has developed physically-accurate analytical models for path-loss and noise that capture the 
peculiarities of light-matter interactions at THz frequencies, including

• Absorption, emission, scattering, reflection, diffraction

• Different scenarios:
• Indoors/outdoors line-of-sight, non-line-of-sight, multi-path

• Intra-body single cell, multiple cells, tissues

J. M. Jornet and I. F. Akyildiz, “Channel Modeling and Capacity Analysis of EM Wireless 
Nanonetworks in the Terahertz Band,” IEEE Transactions on Wireless Communications, 2011.

Z. Hossain, C. Mollica, and J. M. Jornet, ”Stochastic Multipath Channel Modeling and Power Delay 
Profile Analysis for Terahertz-band Communication," in Proc. of ACM NanoCom 2017.

H. Elayan, R. M. Shubair, J. M. Jornet, P. Johari, “Terahertz Channel Model and Link Budget Analysis 
for Intrabody Nanoscale Communication,” IEEE Transactions on Nanobioscience, 2017.

H. Elayan, R. M. Shubair, J. M. Jornet, P. Johari, “End-to-end noise model for intra-body terahertz 
nanoscale communication,” IEEE Transactions on Nanobioscience, 2018.
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Free-space Line-of-Sight Channel

• The THz band provides nodes with a huge transmission bandwidth…

• … at the cost of a very high path-loss

• Absorption by water vapor molecules à Need to “wisely” select frequency

• Spreading loss à Need for directional antennas

0.2 0.4 0.6 0.8 1 1.2 1.4
Frequency [THz]

0

50

100

150
Lo

ss
 [d

B]

Spreading, d=1 m
Spreading, d=10 m
Spreading, d=100 m
Absorption, d=1 m
Absorption, d=10 m
Absorption, d=100 m
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THz Antennas
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Fig. 12. Lens Secondary Patterns for off-axis beam displacements ( mm
and ).

IV. 545 GHZ INTEGRATED LENS ANTENNA PROTOTYPE

In order to validate the antenna concept introduced in this
paper, we have fabricated a prototype antenna in the 500–600
GHz band. The prototype has been built by assembling several
parts that were fabricated separately. The future goal is to fabri-
cate the whole antenna by using photo-lithographic techniques.
The waveguide, slot iris and air cavity (i.e., primary feed) could
be fabricated in the same silicon wafer by using a three-step
micro-machining process; whereas the micro-lens could be fab-
ricated on a different wafer using photo-resist materials.

A. Fabrication

A photograph of the assembled antenna is shown in Fig. 13. It
consists of four basic pieces: a waveguide split block, a slot iris,
an antenna cover and a silicon lens. The iris has been fabricated
by etching the two slots (shown in the inset of Fig. 1(b)) from a
30 m thick silicon wafer using a Bosch-process deep reactive
ion etching (DRIE). After the etching, the wafer was sputtered
with gold over the whole surface. The aluminum block con-
tains the transition between a standard rectangular waveguide
and a square waveguide, plus a 154 m thick cut around the
waveguide opening. This cut allows to place the iris and helps
to provide the correct spacing between the iris and the lens,
which constitutes the leaky wave cavity. On top of the block,
we placed an aluminum cover with the silicon lens attached with
cyanoacrylat. The central part of the cover is 150 m thick. This
cover both holds the iris in place and provides electrical contact
between the iris and the waveguide block. In order to ensure the
electric contact, we used a thin indium sheet in between these
two parts, see Fig. 13(a). The silicon lens was not optimized and
has the following dimensions: mm and ,
which are far way from the ideal height reported in Fig. 7, how-
ever it allows us to test the concept by validating the measured
and simulated secondary patterns over the whole bandwidth.

B. Secondary Pattern Measurements

The far fields of the prototype antenna have been measured
using an ABmm network analyzer [21] and two rotating stages.
The stages are used to perform an azimuth and elevation far field

Fig. 13. 545 GHz Prototype: (a) photograph showing the assembly of the slot
iris, (b) photograph showing the antenna cover and the lens; and (c) photograph
showing the whole antenna assembly.

Fig. 14. Measured radiation patterns at (a) 545 GHz, (b) 560 GHz, (c) 575 GHz
and (d) 600 GHz for a silicon lens with mm and .

scan. The scanning range was limited to approximately 50 in
both planes by the laboratory setup. Fig. 14 shows the main cuts
of the measured patterns compared to the ones obtained with the
PO method. The insets of Fig. 14 show the 2D measurements of
the pattern amplitudes. We can see that the agreement is very
good considering that the noise floor of the measurement setup
was around dB and limited absorbing material was used to
terminate possible multiple reflections. The main differences are
in the lower frequency where the pattern is wider and therefore
more sensitive to interference with the measuring setup.

Based on measurements we have estimated the loss of the an-
tenna at 545 GHz to be 1.5 to 2 dB (plus/minus 0.5 dB). Lack
of fully calibrated horns and waveguide transitions make it diffi-
cult to measure the exact loss at this point in time. The reflection
loss at the lens surface for the current antenna design has been
calculated to be 1.54 dB. It is worthwhile to point out that this
reflection loss is lower than the one associated with standard
double slot lens designs [8] due to the use of a directive primary
feed (the power lost at large incident angles on the lens surface
interface is greatly reduced). We expect the losses to further im-
prove once a coating layer is used.
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A Dual-Polarized Leaky Lens Antenna for
Wideband Focal Plane Arrays

Ozan Yurduseven, Student Member, IEEE, Nuria Llombart Juan, Senior Member, IEEE,
and Andrea Neto, Fellow Member, IEEE

Abstract— This paper presents the design and measurements
of a wideband dual polarized leaky lens antenna suitable for
tightly spaced focal plane arrays. The antenna is composed of
two crossed leaky slots fed by two orthogonal microstrips to
realize the dual-polarization operation. The crossed microstrips
are fed differentially in order to couple the radiation into the
slots. The slots are then coupled to a dielectric lens to achieve
directive patterns suited for feeding large Focal distance to
Diameter ratio reflectors. In this paper, the proposed leaky lens
antenna is optimized to achieve high aperture efficiency with
clean symmetric patterns in both polarizations exceeding an
octave bandwidth. The concept is validated by the measurements
of the primary fields inside the lens and with GRASP simulations
of the focal plane array.

Index Terms— Broadband antennas, dual-polarization, leaky
lens antennas.

I. INTRODUCTION

APPLICATIONS in imaging, radio astronomy, and space
science typically require antennas that are able to provide

multibeam solutions with large operational bandwidths. Many
of the instruments used for these kinds of applications are
based on antenna arrays located on the focal plane of a
large reflector. Future scientific instruments operating in the
submillimeter band of the spectrum are envisioned to have
large format focal plane arrays (FPA) that are based on a
single beam per feed and tight sampling and are coupled to
reflector systems with large Focal distance to Diameter ratio
(F/D) ratios (>3) [1], [2].

For microwave frequencies, several wide bandwidth single
reflector feeds such as ridged horn antennas [3], Eleven
antenna [4], a coherently fed connected array of slots coupled
to silicon lenses [5], and studies with optimized lens profiles
in [6] and [7] have been proposed with nearly stable frequency
patterns coupled to small F/D ratios. Single feed solutions,
however, are optimized for efficient reflector illumination over
wide bandwidths. As a consequence, such feed solutions

Manuscript received April 5, 2016; accepted May 24, 2016. Date of
publication June 1, 2016; date of current version August 2, 2016. This
work was supported by ERC Starting Grant ERC-2011-StG Grant Advanced
Antenna Architectures for THz Sensing Instruments (AAATSI), No. 278794,
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Framework Programme 7.
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n.llombartjuan@tudelft.nl; a.neto@tudelft.nl).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TAP.2016.2574903

Fig. 1. Schematic of the FPA design with its design parameters.

are typically characterized by a low taper efficiency of the
reflector feed. Instead, for focal plane arrays, Vivaldi [8], [9],
corrugated horn [11]–[16] or spline horn antennas [17], [18]
are the most widely used antennas at low frequencies. These
later antennas can provide relatively low sidelobes and cross-
polarization levels at a moderate bandwidth with higher taper
efficiencies than the single feed systems. When the instruments
require tightly spaced FPAs for full sampling of the focal field,
the taper efficiency of the feed antennas becomes particularly
critical for the overall system performance, as it affects the
spillover from the reflector [19]. The aim of this work is
to design a tightly sampled wideband dual-polarized FPA
feed with high aperture efficiency that could be used at high
frequencies where large F/D ratios are typically preferred.

Lens antennas are widely used in the submillimeter band as
they allow the integration of the antenna and detector on the
same chip. Space instruments based on cryogenic power detec-
tors often use focal plane arrays based on dielectric lenses.
In [20], an astronomical instrument based on about 25-k
FPA elements based on kinetic inductance detector (KID)
slot antennas coupled to silicon lenses has been developed.
Achieving the mentioned number of array elements is a
challenging target for any kind of horn antennas with the
fabrication techniques available nowadays. In the literature,
the most commonly used lens feed is a double slot antenna,
which typically operates in a bandwidth much less than one
octave and with single polarization [21]. Other slot-based
lens feeds have been proposed to improve the impedance
bandwidth [22]–[26], typically at the cost of the quality of the
patterns. Sinuous antennas and spiral have been also proposed

0018-926X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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• Contributions:
• Introduced the concept and estimated the performance of ultra-massive 

MIMO communications (e.g., 1024x1024)
• Enabled by plasmonic nano-antenna arrays with

• Very small elements à 𝞴spp << 𝞴
• Very close elements à Reduced mutual coupling

• Able to support different operation modes
• Spatial UM MIMO à From UM beamforming to UM spatial 

multiplexing
• Spectral UM MIMOà Leverage tunabiliy of plasmonic elements

• To be used in transmission, reception and reflection

Opportunity: Ultra-massive MIMO
I. F. Akyildiz and J. M. Jornet, "Realizing Ultra-Massive MIMO communication in the (0.06-10) 
Terahertz band," Nano Communication Networks (Elsevier) Journal, June 2016.
U.S. Patent 9,825,712 Nov. 21, 2017. 
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A. Singh, M. Andrello, N. Thawdar, J. M. Jornet, “Design and operation of a Graphene-based Plasmonic nano-antenna array for communication 
in the terahertz band, IEEE JSAC Special Issue on Multiple Antenna Technologies for Beyond 5G, 2020.
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TABLE II: The Derived Codebooks

Ideal Codebook Applied Phase at Front-end elements (rad)

W0,0 W1,0 W2,0
C0 1e j0 1e j⇡/2 1e j⇡

Derived Codebooks Fermi Energy of Stubs (eV)

EFmod0,0 EFant0,0 EFmod1,0 EFant1,0 EFmod2,0 EFant2,0

C1 0.16 1.25 0.23 1.25 0.35 1.25
C2 0.16 1.2 0.23 1.29 0.35 1.44
C3 0.17 1.29 0.24 1.44 0.37 1.01
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Fig. 10: a) Far-field radiation patterns obtained from the implementation of the four different codebooks in Table II, intended
to steer the beam towards (✓0, �0) = (30°, 0°): C0 - Ideal weight, C1 - Phase control, C2 - Independently considered phase

and amplitude control, C3 - Jointly considered phase and amplitude control. b) Normalized far-field radiation patterns of the
far-field radiation patterns generated.
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have an EIRP greater than 300 mW. The footprint of the
array would be 0.3 mm2, and the radiation efficiency would
be 1000 mW/mm2.
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Hybrid Reflect-array

• Main challenge for reflect-
arrays at THz frequencies:

• Lack of a controllable 
element (e.g., varactor, 
PIN diode, switch) that 
can work at these 
frequencies

• Our solution: graphene-
based phase controller

Incident beam 
at 30°

A. Singh, M. Andrello, E. Einarsson, N. Thawdar, J. M. Jornet, “A Hybrid Intelligent Reflecting Surface with Graphene-based Control 
Elements for THz Communications,” in Proc. of the 21st IEEE International Workshop on Signal Processing Advances in 
Wireless Communications (SPAWC), May 2020
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Intelligent Environments
• Contributions:  To overcome challenging indoor/outdoor propagation in the presence of scatterers and 

blockage, we propose to combine:

• UM MIMO Tx/Rx

• Plasmonic reflect-arrays

S. Nie, J. M. Jornet and I. F. Akyildiz, "Intelligent Environments based on Ultra-Massive MIMO Platforms for 
Wireless Communication in mm-Wave and THz Bands" in Proc. of ICASSP, May 2019.
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Challenge: Ultrabroadband Communications

• To make the most out of the very large bandwidth provided by the THz band channel, new 
communication and signal processing techniques are needed, including

• Time, frequency and phase synchronization

• When trying to transmit at Tbps, with low power, high phase noise transmitters

• Channel estimation and equalization

• Of tens to hundreds of GHz-wide bandwidths

• Modulation/demodulation

• That can make the most out of the distance-dependent bandwidth of the THz channel

• All of these, while keeping in mind that the sampling frequency of the fastest digital to analog 
and analog to digital converters is nowhere close to that defined as per Nyquist
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THz Modulation

• Option 0: We can use traditional modulations, but these will not make the most of the THz band

• Option 1: For distances below 1 meter:

• Molecular absorption is almost negligible:

• The channel behaves as a multi-THz-wide transmission window

• We can use femtosecond-long pulse-based modulations

• Option 2: For distances above 1 meter:

• Molecular absorption lines split the THz band into several windows with distance-dependent 
bandwidth

• Adaptive-bandwidth modulations are needed

26
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Option 1: Pulse-based Terahertz Communications

• Contributions:
• Proposed a communication scheme based on the transmission of one-

hundred-femtosecond-long pulses by following an asymmetric On-Off 
keying modulation spread in time 

• TS-OOK (Time-Spread On-Off Keying)
• Analyzed TS-OOK performance in terms of single-user and multi-user 

achievable information rates
• Developed new stochastic models of molecular absorption 

noise and multi-user interference

• Conclusions:
• Tbps, hundreds of multiplexed users are possible, but only for d<1 m

J. M. Jornet and I. F. Akyildiz, “Femtosecond-long Pulse-based Modulation for Terahertz Band 
Communication in Nanonetworks,” IEEE Transactions on Communications, May 2014. 
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Moving to Longer Distances…

• Why “adaptive bandwidth” modulations? 

• Can’t we just use standard fixed-bandwidth QPSK, QAM, etc.?

28
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A Closer Look at Bandwidth

29
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Distance-varying Bandwidth

• For a given window, bandwidth changes 
drastically with distance

• And so does the channel capacity and 
the achievable data-rate
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Hierarchical Bandwidth Modulation

• We propose hierarchical bandwidth modulations (HBM) to cope 
with the distance-dependent bandwidth of the THz channel

• Partially related to the concept of hierarchical modulation 
(HM)

• Key idea: Symbol duration is adjusted based on available 
bandwidth

• We analytically investigate the performance of the proposed 
scheme in terms of achievable data rate and symbol error 
rate by starting from the new defined constellations

• We provide extensive numerical results to show that HBM can 
achieve higher data rate than HM and time sharing

Z. Hossain and J. M. Jornet, “Hierarchical Bandwidth Modulation for Ultra-broadband 
Terahertz Communication,” in Proc. of IEEE ICC, Shanghai, China, 2019. 33
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• Beyond increasing the data-rate… 

• How else can we leverage such bandwidth?
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Opportunity

• The very large bandwidth available at THz frequencies can also be leveraged to enable 
spread spectrum communication techniques:

• At lower frequencies, the limited available consecutive bandwidth results in very 
low data-rates for spread spectrum systems

• At THz frequencies, Gbps links are possible while still ensuring large spreading 
factors

• Combined with the use of directional antennas at the transmitter and the receiver, 
simultaneously, this leads to highly secure wireless communications
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Spread Spectrum Communications

• Frequency Hopping Spread Spectrum (FHSS)
• Signal rapidly switches between carrier frequencies based on a unique spreading sequence
• Narrowband spectrum at specific time instant

• Direct Sequence Spread Spectrum (DSSS)
• The information signal is multiplied by a unique spreading sequence largely increasing its 

bandwidth
• Signal occupies a wideband spectrum at all times

• Chirp Spread Spectrum (CSS)
• Information is encoded in the changes in carrier frequency across a large bandwidth
• Signal occupies a wideband spectrum at all times
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Direct Sequence Spread Spectrum

• Test details:
• 1.02 THz carrier frequency
• 20 GHz baseband / 40 GHz RF Bandwidth
• Spreading length 31 (986 Mbps)
• Effective radiated power < 30 μW
• AWG sampling rate 90 GSa/s
• DSO sampling rate 160 GSa/s
• 26 dB gain horn antennas

41Noise-like received signal

Number 
of bits Distance

Average 
Number 

of Errors
2700 4 cm 1
2700 6 cm 2

2700 8 cm 3

Distance limited by transmission 
power of current up-down 
converters, not by the channel
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Chirp Spread Spectrum
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Chirp Spread Spectrum: Opportunity

• CSS is particularly good with frequency selective channels:

• Even if some frequencies are totally attenuated, a symbol can still be recovered 

• The information is encoded in the trending changes in frequency (e.g., going “up” or “down”)

• Idea: can we use CSS to 
communicate even when 
partially overlapped with
absorption lines?

• Yes, we can!
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Chirp-Spread Binary Phase Shift Keying 

• We proposed chirp-spread binary shift keying (CS-BPSK) modulation to enable communication across 
the absorption peaks

• Partially related to the concept of Chirp Spread Spectrum (CSS)

• Key idea: power is spread over the whole bandwidth, which makes it robust against the frequency 
selective attenuation of the absorption band

• We mathematically described this modulation scheme and illustrated the waveform structures

• We investigated analytically the bit error rate (BER) of the proposed CS-BPSK scheme in contrast to 
binary chirp spread spectrum (BCSS)

• We experimentally validated the scheme and BER performance

44

P. Sen, H. Pandey and J. M. Jornet, “Ultra-broadband Chirp Spread Spectrum Communication in the 
Terahertz Band,” in Proc. of the SPIE Defense and Commercial Sensing Conference, 2020.
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Some Experimental Results

• To show the effect on BER with the increase of bandwidth, we considered communication across the 380 GHz absorption 
line at distance of 100 m 

45
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Security in Terahertz Wireless Links

• Contributions:  We demonstrated that, contrary to the general 
assumption

• An agile eavesdropper can intercept signals even with narrow beam

• The eavesdropper can place a passive object in the beam

• The object can scatter some power to eavesdropper’s receiver 
located elsewhere

• This leads to successful eavesdropping even at high frequencies 
with very directional beams

• We provide a counter measure technique

• It can be used to detect some, though not all, eavesdroppers

J. Ma, R. Shrestha, J. Adelberg, C.-Y. Yeh, Z. Hossain, E. Knightly, 
J. M. Jornet, and D. M. Mittleman, “Security and eavesdropping in 
terahertz wireless links," Nature, vol. 563, no. 7729, pp. 89-93, 2018. 46
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Challenge: Networking (Beyond Physical Layer)

• The capabilities of THz devices and the behavior of the THz channel impact the entire protocol stack:

• “There is bandwidth for everyone…” but how do you coordinate a network of ultra-directional 
devices communicating at Tbps?

• Actually,  how do you know where the nodes are, if they are all using directional antennas?

• How about multi-hop links? And routing?
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Link-layer Synchronization and 
Medium Access Control Protocol

Contributions: 

• We developed a new synchronization and MAC protocol for THz-band communication networks
• Based on a receiver-initiated or “one-way” handshake
• Enabled by high-speed turning directional antennas

• We analytically investigated the performance of the proposed protocol for the macro- and nano-scale 
scenarios

• In terms of delay, throughput and successful packet delivery probability
• Compare it to that of “zero-way” handshake (Aloha-type) and “two-way” handshake (CSMA/CA-

type) protocols

• We validated our results by means of simulations with ns-3, where we have incorporated all our THz 
models

Q. Xia, Z. Hossain, M. Medley and J. M. Jornet, “A Link-layer Synchronization and Medium 
Access Control Protocol for Terahertz-band Communication Networks,” 
IEEE Transactions on Mobile Computing, 2019.
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Neighbor Discovery
• Contributions:

• Proposed a new neighbor discovery strategy that 
leverages the full antenna radiation pattern with 
side-lobes to expedite the network discovery 
process:

• We map the effectively received signal to the 
universal detection standard

• We analytically and numerically show that the 
neighbor discovery time can be significantly 
reduced comparing with utilizing the ideal 
antenna model without side-lobes

Q. Xia and J. M. Jornet, “Leveraging Antenna Side-lobe Information for Expedited 
Neighbor Discovery in Directional Terahertz Communication Networks,” IEEE 
Transactions on Vehicular Technology, 2019.
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Bufferless Routing Protocol
• Challenge:

• Highly directional antennas introduce many challenges for multi-hop routing.

• The best routing path dynamically changes since the directional links are periodically on and 
off, as determined by the directional antennas’ current directions.

• The limited memory is easy to use up when concurrent Tbps transmissions are handled.

• Contribution:  An adaptive routing protocol for high dynamic buffer-limited directional networks

• Goal: To keep packets moving even if not in the “best” direction

Q. Xia and J. M. Jornet,“Routing Protocol Design for Directional and Buffer-limited 
Terahertz Communication Networks,” IEEE International Conference on 
Communications (ICC) 2020, Dublin, Ireland, June 2020.
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Now Available: TeraSim

• An open source network simulation platform for THz networks

• Captures:

• THz technology capabilities

• Peculiarities of THz channel

• Built as an extension for ns-3

Z. Hossain, Q. Xia, and J. M. Jornet, “TeraSim: An ns-3 
extension to simulate Terahertz-band communication 
networks,” Nano Communication Networks (Elsevier)
Journal, vol. 17, pp. 36-44, September 2018.

http://unlab.tech/nano_downloads/terasim/

http://ubnano.tech/nano_downloads/terasim/
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Experimental Platform at Northeastern
• The world’s first integrated testbed for ultra-broadband communication networks in the THz band:

• Frequencies: 60 GHz, 120 GHz, 240 GHz and 1 THz
• Bandwidths: from 2 GHz real-time to 32 GHz offline

P. Sen, V. Ariyarathna, A. Madanayake and J. M. Jornet, “Experimental Wireless Testbed for Ultrabroad-
band Terahertz Networks,” in Proc. of the 14th ACM Workshop on Wireless Network 
Testbeds, Experimental evaluation CHaracterization (WiNTECH 2020), September 2020.
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General System Block Diagram
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From Off-line Signal Processing…
… to Real-time Software-Defined-Radio

• Three digital signal processing back-ends:

• AWG/DSO + Matlab-based off-line signal processing:

• Huge bandwidth (32 GHz/channel x 2 channels)

• Quick transition from theory to experimental results

• National Instruments (NI) mmWave SDR:

• Real-time

• But only 2 GHz of bandwidth

• RF System on Chip (RFSoC) multi-channel system:

• Real-time

• N x 2 GHz of bandwidth
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Many Early Experiments

• First channel characterizations and actual data-transmissions above 1 THz

• Ultra-broadband Spread Spectrum THz Communications

• Multi-km Multi-Gigabits-per-second THz links

• … and more to come very soon!
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Challenge: Regulation and Standardization
• For a new technology to go beyond the lab and have an impact, 

• We need to be able to legally use it à Regulation:

• New FCC policy creates a new category of experimental licenses 
for frequencies between 95 GHz and 3 THz + makes a total of 
21.2 GHz of spectrum available for use by unlicensed devices

• Problem: non-contiguous bandwidth

• Problem: presence of passive users

• We need to agree on how to use it à Standardization
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Conclusions

Standardization

Policy and Regulation

Networking

Communications and Signal 
Processing

Propagation and Channel 
Modeling

Materials, Devices and Testbeds The THz technology gap is almost closed, but still meaningful challenges related not 
only to RF, but also to the digital hardware

THz signals propagate better than what many people think 
(for the good and for the bad)

Making the most out of the (huge) available bandwidth is a challenge
(and we can do much better than with traditional synchronization, modulation, …)

Bandwidth is no longer a constraint, but everything else is
(MAC, neighbor discovery, relaying, …)

We are not the only ones who like the THz band: 
The scientific community was here first: need to enable efficient coexistence

Yes, there is a standard already for point-to-point links. What is next?

www.unlab.tech/publications
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