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Overview

• Introduction: Challenges in past

• Ultimate challenges we are already aware of
• Data rate
• Power dissipation
• Applications

• Conclusion



Why THz?
THz

Microwave



Progress in Data Rate
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Community Growth
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Key Challenges in Past (and even now)

Circuit Design
• Various functionality
• High power/ low noise

Devices
• Toward 2-THz fmax HEMTs
• RTD, UTC-PD, SBD, etc..
• Advanced fabrication tech.

(passive)

Packaging and Antenna
• Compact packaging
• Interconnection
• On-Chip or In-Package 

antenna

PHY design
• Target application 
• Channel modeling
• Study on wave-propagation
• PHY architecture



What is Key Challenges Now?

• Two of the most frequency questions about THz 
communications.

• How large data rate will be achievable? or 1Tbps
• Power dissipations of devices?



How to achieve 1 Tbps at THz frequencies?
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Max Data Rate is around 100 Gbps

2005 2010 2015 2020 2025
1

10

100

1,000
 Photonic Tx
 III/V HBT/HEMT
 CMOS
 SiGe

D
at

a 
ra

te
 (G

bp
s)

Year

Maximum capacity (R) relies on signal Power (S) 
and Bandwidth (W).

à Large BW can compensate for lack of power.
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From ‘Digital Communications 2/e’ 
Bernard Sklar, Prentice Hall, 2001

Bandwidth
limited region

Power
limited region

THz communications are working with narrowband 
waveform that requires large power 



Data Rate = BW x modulation x Beams
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1 Tbps?

Multi-
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MIMO at LOS Channel?
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If there are multiple signal paths which are orthogonal (𝜆!"# ≠ 0), we can transmit more



Wavefront Approximation

𝑫𝟏𝟏 >> 1

𝑫𝟏𝟐~𝑫𝟏𝟏 ≫ 𝟏

We commonly approximate the wavefront at the receiver side is planar one due to 
the far propagation distance.

à We don’t have a change to send more date due to D11 and D12 are identical.



Wavefront at THz frequency

The planar wavefront is an accurate approximation for a 
surface-segment of a very large spherical wavefront.

it is valid when the effective antenna array area normalized by 
the wavelength is smaller than the communication distance. 



Assuming antenna aperture = 0.5 x 0.5 m2

Do & Cho, et al., IEEE ComMag 2021



Spherical Wavefront

𝑫𝟏𝟏

𝑫𝟏𝟐
Phase difference

At least, two paths are not identical! 



LOS-MIMO
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One can have orthogonality between signal paths with appropriate 
antenna spacing for given distance. (MIMO rank > 1)



How to Do This?

LOS 
Channel 
Matrix
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Two Technical Issues with THz LOS-MIMO (1)

• Bandwidth Limitation à More Computation

19

LOS 
ChannelTx

Recovered 
Signals

Channel
separation

𝐻(Rayleigh Criterion: d= !"
#

HH HH(f)

HH HH(f)



Two Technical Issues with THz LOS-MIMO (2)

• Fixed communication range 
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Power Dissipation of Beamformer Transceiver 
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Energy Efficiency at THz
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down of transistor dimensions and a series of process 
innovations, state-of-the art silicon germanium (SiGe) HBTs 
demonstrated the peak transit frequency (fT) and fMAX of around 
505 and 720 GHz, respectively, which are comparable to those 
of III-V transistors [78]. With the improved high-frequency 
performance, SiGe-based transmitters and receivers exhibited 
peak data rates of up to 100 Gbps above 200 GHz over short 
wireless links [27] as well (see Fig. 2).  

In addition to the significant increase in the maximum 
operating frequency, silicon device technologies have some 
apparent advantages over III-V device technologies, such as 
multilevel metallization, reliable fabrication processes, and a 
very high degree of device integration, which led to attempts to 
use silicon devices in new transceiver architectures or circuit 
topologies for THz communications. Mixer-first or -last 
architectures with quadrature mixers achieved reasonable 
output power of around -1.6 dBm above 200 GHz and a receiver 
noise figure of around 23 dB while preserving quadratic phase 
information modulated at intermediate frequencies [31, 32, 34, 
36, 46]. Fully arrayed transmitters and receivers with 
beamforming functionality have been successfully 
demonstrated at up to 530 GHz [79-88]. Though data 
transmission has not been demonstrated with the phased-array 
transceivers yet, the work cited above clearly show the 
technical feasibility of silicon-based full-functionality 
beamforming transceivers at THz frequencies. Instead of 
ordinary heterodyne or direct modulation architectures in which 
high-speed mixed-signal blocks, such as digital-to-analog 
converters (DACs), are required, various ideas for RF-DACs 
have been implemented [30, 40, 89]. In [40], 8-phase-shift-
keying signal was directly generated without any high-
resolution high-speed DACs. Using 45-nm SOI-CMOS 
technology, Shopov et al. demonstrated the direct generation of 
single-carrier M-ray QAM or OFDM constellations with a 
digital transmitter based on I/Q RF DACs operating at 130±142 
GHz  [89]. Though the absolute performance in peak data rates 
achieved with those novel architectures is lower than that with 
the dedicated high-resolution DACs, RF-DAC architectures 
demonstrated an advantage in the energy efficiency of THz 
transceivers. 

III. CHALLENGE 1: TERABIT PER SECOND 
In principle, data rates can linearly increase with signal 

bandwidth in the THz band under ideal radio frequency (RF) 
and digital hardware assumptions. Hence, one would think that 
THz communications can readily reach rates on the order of a 
few terabits per second (Tbps) using a bandwidth of a few 
hundred gigahertz. Unfortunately, several critical digital 
hardware limitations hinder achieving a few Tbps data rates. 
Here, we start by discussing the limitations imposed by high-
speed high-resolution ADCs/DACs. We then discuss power-
efficient waveform and modulation techniques for THz 
communications. Lastly, we briefly highlight an information-
theory viewpoint on THz line-of-sight (LOS) MIMO 
communications.  

A. Power-efficient ADCs and DACs  
   As bandwidths of communications systems increase, the 

circuit power consumption and system cost increase 
considerably. The prepotent components of power consumption 
are ADCs and DACs for uplink and downlink communications. 
The power consumption of ADCs grows exponentially with the 
number of resolution bits [90]. For example, the energy 
efficiency, normalized power consumption, and operating 
sampling rate at 10G samples-per-second is 50-fold higher than 
that at 100M samples-per-second as shown in Fig 3. 
Unfortunately, commercially available state-of-the-art DACs 
and ADCs can only achieve 100G samples-per-second rates. 
This power consumption problem becomes exacerbated in a 
massive antenna system requiring a large number of RF chains, 
which will be addressed in the later section. Hybrid 
beamforming is a possible solution to decrease the number of 
ADCs and DACs. This approach can only decrease the power 
consumption linearly with the effective number of RF chains. 
Another effective approach to lessen the power dissipation of 
ADCs and DACs is to lower their number of resolution bits. 

Lowering the number of resolution bits in ADCs introduces 
unforeseen challenges in communications system design due to 
the nonlinear distortion of received signals. This nonlinearity 
alters the fundamental limits of communication rates from an 
information-theory point of view. However, even in the 
extreme case of one-bit quantization, channel-capacity-
achieving modulation and coding methods were presented, 
ranging from SISO to MIMO settings [91, 92]. For instance, it 
turned out that the use of a QPSK-like multi-dimensional 
constellation as a channel input signal set is optimal for MISO 
channels with one-bit ADCs and DACs [92]. Although the 
capacity of such a nonlinear MIMO channel was characterized 
in parts, problems still remain in developing efficient 
synchronization, channel estimation, and detection algorithms 
that achieve the needed capacity with a reasonable amount of 
computational complexity. Combining classical channel 
estimation and detection algorithms with machine-learning 
techniques [93-95] could be a paradigm-shift solution to 
devising effective transceiver algorithms to overcome the 

 
)LJ�����VKRZV�KRZ�WKH�HQHUJ\�HIILFLHQF\�RI�$'&V�E\�:DOGHQ¶V�
figure-of-merit (FOM) alters as the sampling rate increases  [50]  
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Fig. 2. Fig. 2-(a) depicts a trade-off performance between the output power and the carrier frequencies for various solid-state power DPSOL¿HU
technologies (https//:gems.ece.gatech.edu/PAsurvey.html). Fig. 2-(b) shows how the energy ef¿FLHQFy of ADCs by WDOGHQ¶s ¿JXUH�RI�PHULW
(FOM) alters as the sampling rate increases (https//:web.stanford.edu/ murmann/adcsurvey.html). Fig. 2-(c) illustrates achievable data rates
in chronological order using diverse device technologies in THz bands above 200 GHz [1].

quencies move up, and the maximum output power
is less than 12 dBm at above 300 GHz frequencies.
Besides, there is ± to our knowledge ± no power
DPSOL¿HU (PA) existswith high-gain bandwidth more
than 20 GHz.

Digital limitation: As illustrated in Fig 2-(b), the
energy ef¿FLHQFy abruptly dwindles at the sampling
rate above 500 MHz, and the energy ef¿FLHQFy
operating sampling rate at 10G samples per second
is 50-fold higher than that at 100M samples per sec-
ond. There is no commercially available analog-to-
digital or digital-to-analog converters (ADCs/DACs)
that simultaneously meet ultra-high sampling rate,
high-resolution, and low-power consumption re-
quirements.

Under these limitations, the state-of-the-art solid-
state electronics technology has experimentally
demonstrated at 300 GHz that the data rate of
100 Gbps is achievable using 20 GHz bandwidth
frequency, as shown in Fig 2-(c).

There are several ways to boost the data rates
up to terabit-per-second speeds. One possible ap-
proach is to develop a multi-channel THz wire-
less system with several segments of a few GHz
bandwidths in the THz band. This multi-band ap-
proach possibly increases the data rates in the order
of magnitude, yet it demands very complicated
RF system integration; thereby, it would not be
a cost-effective solution. Another approach is to
leap the EHQH¿WV of multiple-input multiple-output
(MIMO) communication, which offers VLJQL¿FDQW
improvements in both spectral and energy ef¿FLHQFy
as experienced in mmWave frequency bands [2].
Arguably, THz MIMO communication can be an
effective solution to achieve rates in the order of
Terabit per second under the limited hardware con-
straints. Much of the work, however, is limited to
the case where a transceiver has a single antenna,
i.e., single-input single-output (SISO) settings and
MIMO communications are relatively less under-
stood in the THz band. In this regard, we consider

THz MIMO communications for this article. We
commence by discussing the basic theory behind
THz MIMO communications by emphasizing line-
of-sight (LOS) channel environments. We then pro-
vide numerical and experimental results for THz
LOS MIMO communications before concluding the
article. Finally, we explain the main implementation
issues and research challenges, with a particular
interest in THz LOS MIMO communications.

I I . FOUNDATIONS OF THZ LOS MIMO
COMMUNICATIONS

The premise behind MIMO is to reap the EHQH¿WV
offered by multiantenna channels such as beam-
forming and spatial multiplexing gains. We review
what information theory promises for a narrowband
LOS MIMO channel in the THz band. In particular,
we seek to answer the following three questions in
this section:

� How can a narrowband LOS MIMO channel
be accurately modeled in the THz band?

� What is the information-theoretical upper
bound of the spectral ef¿FLHQFLHV for the LOS
MIMO channel across all possible antenna ar-
rangements?

� How can a THz LOS MIMO system tightly
achieve such upper bound?

A. Rethinking for THz LOSMIMO Channels
Communication through a LOS channel is sig-

QL¿FDQW in the THz band. Unlike the microwave
frequencies, multi-path components in this band
readily disappear because the surface roughness
of concrete walls and other materials forming ob-
jects is relatively comparable to the wavelengths
in the THz band. This leads to suf¿FLHQWO\ large
scattering and UHÀHFWLRQ losses at their surfaces.
In general, the LOS propagation in the THz can
experience a unique frequency-selective path-loss
induced by very high molecular absorption and

In Addition to PA
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Simple Link-Budget

parameters value

Modulation 16QAM

Baud rate (Gsps) 20

Distance 100 m

Unit antenna gain (dBi) 7

Average output power per PA (dBm) -10 or 0
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Assumptions

• For fixed EIRP,

• More antennas
– Less energy for Less PA output 

power
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Loss in LO Distribution

• Assuming
– Half-wavelength separation
– 0.2-dB loss for 𝝀/2-length feeding 

line

• Divide loss: 3·log2(N) dB loss
• Feeding loss for N=2K antennas 
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Loss in LO Distribution
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Total Power Dissipation in Massive Beamforming Tx

S
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One May See Two Directions
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Remarks
• We have made significant advances in THz technologies.

• Problems associated with lack of device technologies have been relaxed a 
lot.

• Key challenges we need to response for 6G would be about
• How to realize 1 Tbps. à LOS-MIMIO à BW and Coverage issue
• How to deal with energy efficiency.  à Matter of Integration issue

• Do you think we are effectively utilizing the large number of 
antenna system and beamsteering functionality is sufficient for 6G?



Thank you for kind attention !!!

hojin.song@postech.ac.kr
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