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Abstract

Wireless data rates are expected to be around 10Gbps or even more within the upcoming decade. The
realization of such high data rates is unlikely with the currently licensed bands in the spectrum. Therefore,
it is clear that such high rates could only be achieved by employing more bandwidth with the state–of–
the–art technology. Considering the fact that bands in the range of 275GHz–3000GHz, which are known
as Terahertz (THz) bands, are not yet allocated for specific active services around the globe, there can be
a true potential to achieve the desired data rates at THz bands. However, due to the characteristics of
these bands, there are many open issues in terms of THz radio communication system design. In this study,
open issues and the state–of–the–art solutions to theses issues for THz communication system design are
discussed. Moreover, standardization efforts up to date are elaborated. This study concludes that the actual
implementation of fully operational THz communication systems obliges to carry out a multi–disciplinary
effort including statistical propagation and channel characterizations, adaptive transceiver designs (including
both baseband and radio frequency (RF) front–end portions), reconfigurable platforms, advanced signal
processing algorithms and techniques along with upper layer protocols equipped with various security and
privacy levels.
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1. Introduction

The value of information is increasing day by day
and accordingly, extensive work is carried out on
generation, transmission, and storage of informa-
tion. For instance, rapid expansion of sensor net-
works and high definition video streaming devices
in daily life motivate researchers to investigate new
ways to find data transmission. Moreover, video
surveillance with ultra-high definition cameras and
wireless backhauls that demand high data rates are
increasing exponentially. According to the report
published by Cisco [1], in 2021, the annual total IP
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traffic will reach 2.3 zetta–bytes and 63 percent of
this traffic will belong to wireless mobile devices.
Besides, it is pointed out that virtual reality (VR)
and augmented reality (AR) traffic will increase 20–
fold between 2016 and 2021 globally. According to
Edholm’s Law of Bandwidth, as explained in [2], it
is expected that the wireless data rates will reach
100Gbps by the year 2020. As a result, it is re-
quired that the transmission bandwidth becomes
wider. mmWave technology cannot fulfill the de-
mand alone for such a high data rate since there is
only 9GHz bandwidth for available data transmis-
sion [3]. It can be seen from the frequency alloca-
tion chart [4] that there is no single chunk of avail-
able bandwidth larger than 10GHz below 100GHz.
Although free space optical (FSO) communication
systems can be thought as a solution, low trans-
mission power constraint owing to eye safety, and
necessity of alignment between transmitter and re-
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ceiver in a strict manner make FSO unpractical
for mobile and personal network [5]. On the other
hand, in contrary to FSO, signals transmitted at
terahertz (THz) frequencies are reflected from the
minimal objects; thus, the data can be transmit-
ted over non–line–of–sight (NLOS) links [6]. THz
bands which are least studied frequency region, look
promising to achieve data rates demanded by the
users. As a result of the progress in the electronic
components, it has opened the way for the THz
band to be utilized in scenarios[7, 8].

Wireless communications at THz bands are ex-
pected to cause emergence of many applications in
the near future. Some technologies which were not
possible to be realized due to their high data rate
demands could be implemented by available exten-
sive bandwidth resources in the THz region. Any
kind of short range - very high data rate applica-
tion becomes a possibility with THz communica-
tions. On the other hand, nano devices will also be
able to operate at THz frequencies since these fre-
quencies have much shorter wavelengths when com-
pared to millimeter wave bands and nano devices
with miniature antennas will be able communicate
under these conditions. Such wirelessly communi-
cating nano devices will lead to many different ap-
plications. Moreover, THz wireless communications
will be likely utilized in applications such as AR and
VR. Considering that 5G wireless networks will op-
erate at Tbps data rates [9], THz bands can be used
for 5G and beyond wireless backhauling. In addi-
tion, it can be expected that chip–to–chip and on–
chip communications, security–oriented communi-
cations, and body area networks (BANs) to utilize
THz bands.

In spite of promising available bands in THz spec-
trum, there are many challenges to be overcome.
As a result of high frequency characteristics, high
absorption loss is one problem, spreading loss is an-
other. Classical physical layer and medium access
control layer methods should be revised to combat
such problems and new systems should be designed
to operate in these bands. THz channel characteris-
tics must be investigated, analyzed and modeled for
reliable and dependable wireless communications.
When the studies in this context are investigated,
it is seen in literature that some features are pro-
posed for the physical layer of THz links in terms of
modulation and channel coding. The upper layers
must be revised for the usage of THz frequencies
due to the difficulties in the processing of data at
terabits level. On the other hand, it is necessary to

design hardware (i.e. transceivers, antennas, ampli-
fiers) in order to produce and detect high–frequency
signals. With the progress in Graphene technology,
it is thought that these difficulties, which are very
difficult to overcome until recently, can be solved
[10, 11].

It is known that wireless communication systems
operating in licensed bands are brought to a stan-
dard with various regulations. Consequently, THz
bands must have a standard for reliable commu-
nications. For this purpose, IEEE 802.15 wireless
personal area network (WPAN) Task Group 3–D
100 Gbit/s Wireless (TG 3d 100 G) [12] is activated
and has begun to take the first steps for standard-
ization. This paper addresses the current open is-
sues in the design of THz wireless communication
system in terms of hardware, physical channel and
network. Furthermore, the solutions for open is-
sues are discussed in the light of the works recently
proposed in this field.

The remainder of this paper is organized as fol-
lows: Section 2 details the usage scenarios of THz
wireless communication. In Section 3, we define
the challenges specific to THz bands and give novel
approaches to deal with these challenges from lit-
erature. The achieved data rates with the trans-
mission at THz frequencies are given in Section 4.
The standardization efforts to date are presented in
Section 5. Finally, Section 6 concludes the paper.

2. Application Scenarios

As THz bands provide ultra–wide bandwidth,
there are several applications areas which require
high data rates above tens of Gbps that can be
provided in these bands, including nano-scale and
macro-scale communications utilization. THz band
communications can play the role in bridging the
dream to reality for many applications. The in-
creasing amount of data and the frequent use of
communication systems indicate that THz band
communications will contribute to emergence of a
vast number of use cases in the near future. Some
example applications which will possibly employ
THz networks are depicted in Figure 1. In this
section, we will provide possible utilization of THz
band communications in several important applica-
tions.

2.1. Fronthaul and Backhaul Links

The wireless backhaul will need to satisfy high
data rates demanded by users applications in the
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Figure 1: Some of the major terahertz communication application areas such as (a) nano sensors for monitoring lung cells, (b)
vehicular THz network, (c) small cell, (d) high–definition holographic video conferencing, (e) inside data center communication

following decade. For example, 5G and beyond
wireless networks are planned to reach Tbps data
rates [9]. The new bands around 60GHz can pro-
vide increase up to only 6Gbps in terms data rates
[3]. Since the installation of end-to-end fiber–optic
communications is very costly and takes much time
to build, THz links can be employed as wireless ex-
tension of optical fiber systems [13] to reduce cost
and installation periods. This architecture is illus-
trated in Figure 2. Furthermore, the requirement
of increasing overall throughput of cellular base sta-
tions leads also to high data rate demand for their
wireless backhaul, especially as mmWave commu-
nications comes into the picture. Hence, fronthaul
and backhaul links must promise high data rates for
reliable data transmission from end users or appli-
cations connecting to a mmWave small cell. In [14],
it is shown that THz bands can realize several tens
of Gbps of wireless links for distances up to 850m.
ThoR project which is supported in Horizon 2020

program investigates backhauling and fronthauling
by utilizing transceivers operating at 300GHz [15].
Recently, the project analyzed the interference due
to Earth exploration–satellite service (EESS) and
provide possible bands to be used without harmful
interference to EESS. A THz wireless communica-
tions system is worked outdoors, it needs highly
directive antennas or antenna arrays. The nano
antennas such as Yagi–Uda nano antenna recently
proposed in [16] and they can be employed to set
highly directional links in order to solve the distance
problems in THz band propagation channels.

2.2. Nano Devices

The developments in electronic technologies en-
able to reduce size of devices by use of nano ma-
terials. The nano devices and nano sensors can be
employed in the vast applications from health mon-
itoring (e.g. monitoring of lung cells [17, 18]) to
defence [19].
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Figure 2: Fiberoptic communication architecture with THz backhaul

THz bands encourage nano-scale device commu-
nications since antenna size constraints are dras-
tically changing in these frequencies. Due to the
size of nano devices, emission frequency range of
antennas becomes very wide since nano-scale an-
tennas such as graphene nano ribbon (GNR) and
carbon nano tube (CNT) can radiate efficiently
starting from THz frequency ranges [10]. Although
nano devices can emit electromagnetic wave at
MHz frequency levels with electromechanical nano
transceivers, the energy efficiency of mechanically
electromagnetic wave generation is lower when com-
pared to THz bands [19]. Moreover, nano devices
are considered to have a constraints on the power
consumption; therefore from power perspective it
seems more appropriate to operate in these bands
for them too. Some examples for implementation
of wireless nano devices at THz frequencies are de-
tailed below.

2.2.1. Health

One of the biomedical applications of stand alone
or networked nano-devices is visual imaging for di-
agnosis by using capsule endoscopes [20–24] which
allows painless imaging of bowel of patients with
recurrent gastrointestinal bleeding. Furthermore,
health monitoring [25–32] can be conducted by
biosensors which enable to track the prognostics in
cancer and DNA mutations. Another biomedical
application of nano devices is drug delivery [33–42].
For instance, the nano devices can be employed in
the drug delivery for treatment of metastatic can-
cer since many drugs are not able to reach the sites
of metastases [43], thereby mostly taking failure in
the cancer cure. Besides all these, nanorobots can

be employed in the tissues in order to detect and
fight against malicious microorganisms and cancer
cells with non–operative and real–time treatment
[44]. In–vivo applications [45–49] are required to
be carefully analyzed in the aspects of channel and
noise modeling since biological tissues have differ-
ent amount of water which causes peaks in the
absorption–frequency relation [50].

2.2.2. Military

Besides the health applications, nano devices
that are communicating in THz bands can be em-
ployed in military defense field such as detection of
chemical, biological and nuclear agents in the bat-
tlefield and brain–machine interface for the safety
of the troops [51, 52]. The BioFluids program of
DARPA envisions the applications of nano devices
in military defense [53]. Furthermore, the equip-
ment of a soldier and nano sensor network deployed
on the body of a soldier can be thought of as a
BAN application. Furthermore, the nano devices
can have a potential application in the industry to
control the product quality [51] and make work sites
such as production lines to be more intelligent [54].
Nano sensor or nano device network can communi-
cate with each other and also with other networks
over the THz frequency band. The lower latency re-
quirement for the production line can be provided
with the use of THz networks.

2.2.3. Environmental Pollution Monitoring

As THz communications equipped nano sensors
can sense the chemical compounds present in the
environment with one part per billion density [55],
they can be employed to track the toxic element
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density in the environment or in the potable water
reservoirs of cities and report the results immedi-
ately. In this way, the life quality of people can be
raised up to levels that are planned to be achieved
with smart city applications. Also, air pollution
can be monitored with wireless nano sensor net-
works utilizing THz bands. Another aspect of air
pollution tracking can be thought as nano sensors
and global positioning system (GPS) deployed on a
vehicle and joined together to collect data in cities
while driving. THz receiver systems that can be
built on the roadsides or mounted on the traffic
lights can be utilized to download these data col-
lected by vehicles.

2.3. Entertainment Technologies and Augmented
Reality

Advanced developments in visual technologies
such as 3D movies, Blu–ray, ultra–high definition
movies, and gaming platforms require huge data
rates. Apart from this, new emerging technologies
such as AR, VR, high–definition holographic video
conferencing, haptic communications, and tactile
internet also demand high data rates. To satisfy
such demand ultra–wide THz bands can be em-
ployed. By using a THz band, the files with high
data size can be downloaded from kiosks deployed
in shopping malls, airports, and so on [56, 57]. They
enable users with hand-held devices to achieve data
rates of 100Gbps. At 90cm distance from the kiosk
data rates can reach up to 108Gbps [56]. In kiosk
applications, the cavity–like channel is observed due
to high directional beam in line–of–sight (LOS) con-
dition. However, it is not a vexed issue and chan-
nel response is easily estimated and the cavity can
be eliminated [57]. The kiosk–like application can
be accomplished for airplane entertainment systems
too. The THz band can be used instead of trans-
mitting data over wired network to the passengers.
Thus, cable cost can reduced and, more impor-
tantly, aircraft weight can also be reduced and im-
plementation turns into efficiency in fuel consump-
tion.

The applications requiring high data rates such as
high–definition holographic video conferencing AR
and VR can utilize THz communications because
it can enable seamless connection between ultra–
high speed wired networks and wireless devices [13].
When eye and ear are not synchronized, cybersick-
ness appears while using AR and VR systems. Syn-
chronization has to be below 10ms to avoid cyber-
sickness [58]. This synchronization constraint can

be satisfied with THz networks. The audiovisual
communication supporting by haptic modality pro-
vides touching or manipulating objects. This phe-
nomenon is called as haptic communications [59–
62]. Haptic modality enhances the sense of to-
getherness and study performance [62] but it needs
small delay compared to audio and video commu-
nications [63]. Since distributed haptic–based vir-
tual environments use transmission control proto-
col (TCP) at the transport layer [64], congestion
can occur at the time when transmission exceeds
available throughput and delay in the network may
occur. To deal with the congestion problem in a
haptic communications system, THz networks can
be a good candidate for the infrastructure. It is ex-
pected that the tactile internet which is a special
form of haptic communications, will operate at low
latency values[65–70]. It will also require fast net-
work congestion detection and avoidance schemes.
For these reasons, it is envisioned that THz net-
works will be a catalyst in the emergence of the
tactile internet. THz networks seem to be candi-
date systems enabling ultra–low latency. For exam-
ple, TERRANOVA [71] which is the project funded
by Horizon 2020 program, focuses on the network
design that provides almost zero–latency with ex-
tremely high data rates.

2.4. Directional Communication Links

THz band communication suffers from short
distance propagation characteristics due to high
molecular absorption loss, this disadvantage can en-
able to secure communication because of short dis-
tance, narrow beam, and short pulse duration that
cannot be eavesdropped. Furthermore, spread spec-
trum techniques can be employed in THz band to
avoid and cope up with serious jamming attacks
[72].

Another possible usage of a THz band is on–
chip and chip–to–chip communication. The cores
need to communicate with each other, share data
among themselves, and make synchronization to re-
alize data parallelism. Since the number of nodes
increases, the solutions originally proposed for the
problems in the network are reused to deal with
the same problems arising in on–chip communica-
tions [73]. Although the network concept is used
for chip communication, the communication must
satisfy extremely high data rates. Therefore, THz
network can be a candidate to operate in chip com-
munication. Besides fast communication, another
reason for using the wireless communication is that
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the wired connectors and microstrip lines on printed
circuit boards (PCBs) are a bottleneck of inter–chip
communications [74]. The wireless connections in
data centers are investigated for mmWave band in
[75–77]. These connection techniques can be up-
graded to THz links which have adaptive beam-
forming and steering. As a result, the possibility
of transmitting data at high speed on the order of
Tbps levels within the data center occurs. For this
purpose, TERAPOD project [78] is conducted by
the supports of Horizon 2020. In the project, end–
to–end demonstration of THz wireless communica-
tion system in a data center is targeted.

2.5. Satellite Communications

Another use of THz bands is for satellite
communications. For instance, Atacama Large
Millimeter/sub–millimeter Array (ALMA) in Chile
is planned to operate at ten bands between 0.031
and 0.95THz [79]. Even though there is a con-
cern about the short propagation distance due to
spreading and molecular losses, THz propagation
distance can be extended by using massive-antenna
array techniques, high output power, and high gain
amplifiers. It is more appropriate to use the THz
bands in dry regions because molecular absorption
is mostly caused by water vapor. By using air-
borne platforms which can fly above over 99% of
all atmospheric water vapor, the molecular absorp-
tion loss can be eliminated mostly [80]. The use of
airborne platforms makes eavesdropping more and
more difficult because of low–earth absorption loss.
In [81], link budget analysis and signal–to–noise ra-
tio (SNR) performance are evaluated. This study
shows that using the THz band to establish high–
speed data links is not a pie in the sky.

Furthermore, there are many application scenar-
ios cases such as wearable devices operating at
THz frequencies in BAN [82, 83], railway technol-
ogy [84–87], energy harvesting in nano sensor net-
works [88–90], vehicular networks [91–93]. We see
a high possibility of being used in adaptive energy–
efficient computing box [94] for inter–device and
intra–device communication. In addition, each us-
age area can lead to new application domain. For
this reason, there is no doubt that the area of use
will be expanded.

2.6. Heterogeneous Networks

The size of THz cells is expected to be only a
few meters; hence, new architectural designs are re-
quired. However, as stated in [95], THz cells cannot

provide seamless connection on their own. To ex-
ploit THz bands efficiently, THz wireless communi-
cation system might be employed in heterogeneous
networks. The standalone and non–standalone
modes defined in Release 15 [96] can be an exam-
ple for the heterogeneous network concept for THz
networks. A similar system can be employed in be-
tween THz and mmWave networks for beyond 5G.
Obviously, improving THz wireless communication
in different layers of heterogeneous networks is in-
spirational for future research.

3. Challenges and Solutions

There are several challenges for wireless THz
communications system design, which need to be
investigated and tackled in order to be able to cre-
ate practical systems. In this section, the challenges
and the novel approaches to solve these problems
are discussed.

3.1. Transceivers Design in Terahertz Band

The design of transceivers that should operate
with a wide bandwidth in the THz bands is an
important challenge. The difficulty in the signal
generation at THz frequencies arises from the fact
known as the THz gap which means the frequency
band is too high for conventional oscillators and
too low for optical photon emitters. The signal
generation at THz level is achieved by two meth-
ods: top–down and bottom–up. The bottom–up
method is performed by multiplexer while the top–
down approach uses a photonics system such that
laser stimulation of the semiconductors produces
continuous or pulsed THz radiation, and the non–
linear crystals or lasers are operated directly on
the THz frequencies [97]. As shown in Figure 3,
the bottom–up method may include more than
one multiplexer. In this case, it is expected that
the number of inter–modulation products and their
total power will increase in the generated signal;
therefore, modulated signals are highly distorted
when multiple mixers are employed. A large num-
ber of multiplexers should be avoided in order to
keep spurious effects and inter–modulation distor-
tion as low as possible in the bottom–up method.
Because transceivers have to deal with high path
loss due to high absorption and molecular loss in
the THz bands, one should consider the problems
of high power, high sensitivity and low noise figure
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Figure 3: Block diagram for bottom–up approach in THz signal generation and reception

in the design. The materials such as Silicon Germa-
nium (SiGe), Gallium Nitride (GaN), Indium Phos-
phide (InP), and Graphene are used in design to
realize transceiver targets [98, 99].

SiGe heterojunction bipolar transistors (HBTs)
provide good linearity, high gain, low noise, and sil-
icone compatibility at THz frequencies [100]. There
are several studies on the mixer–based receivers
with SiGe HBTs which have the maximum fre-
quency of 380GHz [101], 435GHz [102], 450GHz
[103, 104], and 500GHz [105]. SiGe–based tran-
sistors are proposed to allow maximum oscillation
frequency and cut–off frequency to reach up to
798GHz and 479GHz, respectively [106]. Silicon
technologies can only present limited improvement
to 1THz because of its intrinsic characteristics [5].
Moreover, SiGe HBT’s limited power gain and in-
adequate transistor breakdown voltage prevent its
use in high power applications at frequencies above
500GHz [72].

Since high gain power amplifiers are required
owing to very high path loss, GaN–based transis-
tors stand out in order to compensate for high
power necessity. Thanks to high voltage charac-
teristics around 3.3MV/cm and high electron ve-
locity around 2.5 × 107cm/s, GaN high electron
mobility transistor (HEMT) is a profound research
area for high voltage and high power mmWave and
THz applications. Recently, a GaN–based HEMT
with the maximum oscillation frequency of 444GHz,
the cut–off frequency of 454GHz, and the break-
down voltage of 10V is designed [107]. GaN–based
metal–semiconductor–metal two–dimensional elec-
tron gas (2DEG) varactor [108] has cut–off fre-
quency of 1.54THz and figure of merit of 4.06THz.
Furthermore, another GaN–based HEMT [109] has
features such as cut–off frequency at 2.24THz but
with very low breakdown voltage. The authors have

shown by incorporating ohmic and 2DEG/metal
Schottky contacts to make possible to reach up to
the cut–off frequency of 2.02THz while maintaining
the breakdown voltage above 18V.

Semiconductor technologies such as InP HBT
implies good performance in output power, noise
figure, and efficiency at sub–THz band [110].
InP HBTs achieves much wider bandwidths in
similar scalable generation while delivering twice
as much breakdown voltage as SiGe–based tran-
sistors [111]. For instance, it is reported in
[112–115] that InP–based HEMTs indicate cut–
off frequency/maximum oscillation frequency of
600GHz/1.2THz. Besides these transistors, InP–
based HEMT THz monolithic integrated circuits
(TMICs) enable to reach up to 850GHz [116, 117].
It is demonstrated in [118] that InP HEMT can
provide amplification at 1THz.

Fujitsu recently introduced a compact 300GHz
receiver capable of 20Gbps data stream [119]. The
mentioned systems up to here, use multipliers to
upconvert multi–GHz into THz frequencies. There-
fore, the harmonics can be generated, then they de-
grade the energy efficiency of the transceiver [120].

The most recent material employed for
transceiver design is graphene since it has
high electrical and thermal conductivity proper-
ties and shows plasmonic effects. Graphene is
two–dimensional material which allows signals
to propagate at THz frequency [121]. Another
virtue of graphene is supporting the propagation
of THz surface plasmon polariton (SPP) waves
[122]. The nano transceiver based on HEMT
built with III–V semiconductor and enhanced
with graphene is detailed in [123]. Applying
voltage between drain and source of HEMT causes
electrons to accelerate in the channel so that
this electron movement forms SPP wave on the
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graphene gate. This process reciprocally occurs in
reception. The wideband modulators are necessary
for utilization from the large bandwidth advantage
of THz. For this purpose, graphene–based THz
SPP modulators are designed in [11, 124, 125]. The
modulator is based on graphene–based constant
length plasmonic wave-guide and modifies the
difference between the energies of highest and
lowest occupied states, which is known as the
Fermi energy of the graphene layer, to increase the
probability of adjusting the propagation velocity of
SPP waves on the graphene. Its working principle
is based on the capability of dynamic control over
graphene conductivity. As a consequence of that,
the amplitude modulation can be realized.

Top–down approaches use the quantum cascade
lasers (QCLs) or bolometric detectors as a local
oscillator in the heterodyne transceiver. Combin-
ing QCLs and III–V semiconductors (i.e GaN, InP)
provides the device to operate at THz frequencies
[72]. The QCLs are stated that they are able to
perform within the frequency range from 1.2THz
to 5.4THz with power about 1W [126, 127]. Even
though QCLs are able to provide high power sig-
nal [128], the transceiver based on photonic ap-
proaches are not practically usable since they re-
quire a laser and operate at cryogenic temperatures.
So far, according to our knowledge, the highest op-
erating temperature is 199.5 K [129] which indicates
why the cryogenic cooler is necessary. The use of
Peltier thermoelectric cooler is offered as a solution
for QCL operation at around 230 K [130].

The materials and devices are listed in Table 1
based on their characteristic advantages and disad-
vantages.

3.1.1. Antennas

Broadband antenna are needed to be designed
to take the advantage of ultra–wideband transmis-
sion at the THz bands. Another design criterion
for mitigate the transmission distance problem due
to high path loss is antenna directivity. Graphene–
based antennas and large antenna arrays are fre-
quently suggested to meet these two requirements.
Graphene supports propagation of SPP waves at
THz frequencies. Compared to copper and CNT,
graphene shows better performance to create anten-
nas with small size implementation [131] and high
directivity [132, 133]. Plasmonic graphene antennas
[134–140] can be sized at nanoscale which means
that these antennas can be used for nano devices.

The plasmonic graphene antennas enable propa-
gation of SPP waves at THz frequencies for nano
devices. The speed of SPP waves in the graphene
is almost twice as fast as the velocity in the vac-
uum [10, 136]. Therefore, the SPP wave propa-
gates at the frequencies as low as THz band. Fur-
thermore, the frequency can be tuned by material
dopping because the conductivity of graphene is
dependent on chemical doping, Fermi energy, and
electron mobility [141]. For example, the doping
is expressed as an intentional introduction of im-
purities into an intrinsic semiconductor in order to
modulate, electrical, optical and structural prop-
erties; hence, the performance of graphene can be
increased by chemical doping [142]. In [143], the
performance of graphene–based plasmonic nano an-
tenna arrays in THz frequencies is investigated by
taking into account the effect of reciprocal coupling.
It shows that near–field coupling can be ignored
when the distance between antennas is less than
free space wavelength. Nafari and Jornet developed
a mathematical framework [144] and analyzed plas-
monic nano antenna performance based on it. In
[145, 146], waveguide–fed graphene–based antennas
operating at 2.7THz and 2THz are given. These an-
tennas have operating bandwidth up to 170GHz. A
plasmonic patch antenna based on graphene is de-
signed to operate at 700GHz is proposed in [139].
As mentioned in [147], an antenna can be tuned by
applying electrostatic bias. Besides SPP wave prop-
agation, graphene allows designing reconfigurable
directional antennas.

The beamforming and beam scanning is two cru-
cial design criteria for multi–input multi–output
(MIMO) systems. In [148, 149], antenna designs
capable of beam scanning are proposed. Use of this
antenna design is not that easy for nano device since
different bias voltages, as much as 45V, are used to
tune radiation pattern. Also, [150] provides insight
for the recent studies in beam control. A reconfig-
urable graphene–based Yagi–Uda MIMO antenna
design is given in [151] which is designed for the
first time by using a graphene patch array.

Another antenna type is horn antenna [152, 153]
which can operate in THz bands. While the horn
antennas have the capability of propagation at
300GHz with the bandwidth of 100GHz and 18dBi
gain, the dimension of the antenna does not allow
the utilization for on–chip design [151]. The pla-
nar antennas can be candidate antenna design for
employment in THz applications due to their easy
fabrication and integration to other planar anten-

8



Table 1: Advantages and disadvantages of materials used in transceiver design

Material/Device Advantages Disadvantages References

SiGe

• good linearity

• high gain

• low noise

• silicone compatibility

• limited improvement up to
1THz

• limited power gain

• insufficient breakdown volt-
age

[101–106]

GaN

• high voltage characteristics

• high electron mobility

• high gain

• low breakdown voltage in
some applications

[107–109]

InP
• high breakdown voltage

• low noise figure
• frequency up to 1.2THz [110–118]

Graphene
• high electrical conductivity

• support SPP waves
• more research is required [11, 123–125]

QCL

• very high operating fre-
quency

• high power

• very low operating temper-
ature

• large size

[126–130]

nas [154]. Planar antennas, however, are deprived
of high gain and directivity, providing long–distance
transmission. The pros and cons of the antennas are
summarized in Table 2.

3.1.2. Amplifiers

As radiation power and received power are low,
THz signals should be amplified to propagate
through long distances. However, an amplifier must
support a wide frequency regime to operate in the
THz bands. When multiple signals are amplified
at the same time, the intermodulation products are
generated by amplifiers owing to nonlinear charac-
teristics. Intermodulation products are not desired
since they are decreasing the energy efficiency. Be-
sides intermodulation products, it is expected that
the designed amplifier shows low noise figure. The
amplifiers can be designed based on solid–state elec-
tronics [155–159] for the low THz frequency re-
gion. Nevertheless, the present trend takes an inter-
est in the frequencies above 300GHz. In addition,
graphene–based amplifier design given in [160] has
maximum gain of 31dB, on the other hand, it op-
erates at the temperatures as low as 40 K. So that
this amplifier cannot make full amplification of the
signal at the room temperature. The recent de-

velopments in amplifier design which can efficiently
operate above 300GHz are summarized in Table 3
for the readers.

3.2. Channel and Noise Modeling

As a result of very small wavelengths in the THz
regime, the propagation characteristics become dif-
ferent compared to the bands are used currently.
Channel and noise should be firstly modeled to
make high performance and reliable THz commu-
nications real. In this section, noise and channel
characteristics at THz bands are discussed.

3.2.1. Channel

In studies related to channel modeling, various
methods are introduced for frequency, time, and
spatial domains. Also, application specific sce-
narios are encountered in the literature. Some
application–specific studies (e.g. channel mea-
surement on a desktop) indicates the channels at
300GHz [175–177].

There are two main methods for propagation
analysis in a given environment; first is the de-
terministic approach based on ray–tracing or ray–
launching. When ray–tracing is employed to model
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Table 2: Advantages and disadvantages of antennas used in THz bands

Antenna Type Advantages Disadvantages Reference(s)

Graphene

• propagation of SPP waves

• small size implementation

• high directivity

• need more studies on it [10], [136],
[141], [143],
[145–147]

Horn

• wide bandwidth

• propagation at 300GHz

• high gain

• large size

• non-compatible with nano
devices

[151–153]

Planar
• easy fabrication

• easy integration

• low gain

• low directivity
[154]

Table 3: Amplifiers in THz bands

Frequency (GHz) Gain (dB) Material Reference

324 4.8 InP DHBT [161]
340 15 InP HEMT [162]
340 16 InP HEMT [163]
390 7 InP HEMT [164]
460 16.1 GaAs HEMT [165]
460 16.1 metamorphic-HEMT [166]
480 11.7 InP HEMT [167]
492 9 InAs HEMT [168]
500 13.5 InGaAs HEMT [169]
550 10 InP HEMT [170]
576 15.4 metamorphic-HEMT [171]
610 20.3 metamorphic-HEMT [114]
650 10 InP HEMT [113]
670 30 InP HEMT [172]
670 24 InP DHBT [115]
850 6 InP HEMT [116]
1000 10 InP BDT [173]
1000 12 TWA [174]

a channel, the environment in which the electro-
magnetic waves propagate is completely defined
with sizes, shapes, and materials of objects. It is a
fact that this method hampers to get a result if any
change in the scenario is conducted. Moreover, the
complexity increases exponentially when the size of
the environment becomes larger. However, it gives
accurate information about the channel [178] under
given conditions. Ray–tracing based approach is re-
cently utilized in [179, 180] to analyze channels in
a data center and indoor communications in terms

of temporal and spatial channel characteristics. In
[56], the channel parameters in time, frequency, and
spatial domains are modeled for each type of ray
in order to analyze the channel characteristics for
kiosk applications.

The stochastic methods get the average of the
environmental effects instead of a specific environ-
ment model is contrary to the deterministic model.
Some models are recently proposed in [181–183].
The path loss and noise diverse rapidly for in–vivo
applications because human tissues include mate-
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rials with different molecular characteristics. In
such cases, the path loss is dependent on not only
frequency and distance but also the dielectric loss
of tissue. Moreover, the scatterers such as parti-
cles and cells cause the loss in signal energy. Re-
cently, the studies [184–186] are published which
focus on the nano device communications in the
human body.

The measurements are needed to define strategies
for wideband signal processing in unitTHz bands.
For instance, the spectrum between 260GHz and
400GHz is swept with bandwidth of 19GHz by
[187] and such “divide–and–conquer” approach is
not safe and it can create artifacts due to the
post-processing of the smaller chunks of bandwidth.
Most of the studies make an assumption such that
derived impulse response is linear phased. The as-
sumption results in the presupposition of that im-
pulse response is symmetric with respect to LOS
propagation delay yet it is not possible in the real
physical environment owing to the fact that the
causality is contravened. In [188], the phase func-
tion is derived for impulse response of the channel
without violating causality.

Spatial diversity is investigated by the use of
MIMO measurement systems as well. The chan-
nel characteristics for 2 × 2 MIMO system are
presented in [151, 189]. Apart from MIMO, the
channel for ultra–massive MIMO systems is stud-
ied in [143, 190, 191]. The peculiarities of three–
dimensional THz channels are investigated in terms
of path gain and array steering vector. The signals
in THz band scatter from thin objects due to their
short wavelength. As a result of scattering, the re-
ceived signal power decreases; thus, the phenomena
must be investigated in the sense that it affects the
NLOS propagation. [192–194] explain the impacts
of scattering on THz channels through the employ-
ment of ray–tracing algorithms. Compared to LOS
and NLOS reflected rays, the diffraction and scat-
tering show less influence on the power of a received
signal [191].

THz channel characteristics are strongly depen-
dent on the characteristics of materials in the en-
vironment and on the density of these materials,
thus it is not easy to establish a common channel
model. Further investigations are needed on the
channel models dealt with in the context, and the
validity of these models must be confirmed and ver-
ified. Similar to [195], channel estimation methods
for the THz band can be developed using various
approximate message passing algorithms. We fore-

see that the THz channels can be modeled as mix-
ture models (e.g. Gamma or Gaussian) by using
expectation maximization.

3.2.2. Molecular Absorption Noise and Loss

There are several noise sources in THz bands;
however, the main contribution to the total noise
is created by the transmission process as absorp-
tion of molecules. The noise is called molecular ab-
sorption noise which is originated from shifting the
molecules in the medium to higher energy states
by electromagnetic waves. The absorption noise is
self–induced because transmissions of users in the
medium cause the noise to be induced [50]. The
energy absorbed by the molecules is re–emitted in
random directions according to radiative transfer
theory [196] and then, it adds extra noise except
additive white Gaussian noise (AWGN) to the sys-
tem [197]. Moreover, the absorption noise does not
have flat power spectral density due to the peaks
arising from vibrational and rotational spectrum of
molecules. Hence, it is not white but colored noise.
With respect to the Beer–Lambert Law, the ab-
sorption loss is exponential in distance. For longer
distances in the lower frequencies, free space path
loss (FSPL) attenuates signal power dominantly,
while, in the THz bands, the molecular absorption
is more effective on the loss due to its exponentially
increasing impact as a function of distance [13]. In
[55], power spectral density of molecular absorption
noise for the atmosphere is derived by using high–
resolution transmission (HITRAN) [198] molecular
absorption database. They also evaluate the molec-
ular absorption noise power for a given bandwidth.
From Beer–Lambert Law, the transmissivity of the
medium is defined as the ratio of radiated power to
incident power. The transmissivity is calculated as

τ(f, d) =
P0

Pi
= e−k(f)d, (1)

where k(f) and d are the absorption coefficient of
the medium in terms of frequency and the length
of total path, respectively. Then, the emissivity of
the medium is given as

ε(f, d) = 1 − τ(f, d). (2)

T0 and kB denote the reference temperature and
Boltzmann constant respectively, then, the molec-
ular absorption noise power for given bandwidth B
is evaluated as

Pn(f, d) = kB

∫
B

T0ε(f, d)df. (3)
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The molecular absorption noise with its power given
in (3) is seen around the frequencies in which vibra-
tions of molecules in the medium occur. Thus, wa-
ter vapor mainly affects the channel. The spread-
ing loss occurs due to expansion of electromagnetic
waves through the medium. As well as the molecu-
lar absorption loss, the spreading loss is dependent
on the carrier frequency and propagation distance
between the transmitter and the emitter. With the
increasing frequency and the distance, rise in to-
tal path loss can be seen in Figure 4a. The peaks
in the path loss arise due to the fact that the vi-
brational and the rotational spectrum of molecules
in the transmission environment absorb the energy
from transmitted signals. In addition, the relative
humidity of the medium has an impact on the path
loss as shown in Figure 4b. Various methods are
needed to counteract the high power loss caused
by the THz band’s own characteristics. Some of
them can be listed as high–directional antennas,
low–density channel codes, energy efficient modu-
lation schemes.

3.3. Physical Layer

The exact utilization of THz bands requires the
design of a complete set of physical layer methods
which do not lead efficiency gains in terms of sys-
tem performance. Therefore, considering the lack
of compatibility in between classic physical layer
methods currently used and the requirements of the
communications in THz bands, physical layer char-
acteristics should be well studied in terms of modu-
lation, coding, relaying, and so on. In this section,
the challenges lie in the physical layer design for
THz communications and novel approaches for so-
lutions are given.

3.3.1. Modulation Schemes

The modulation schemes used at lower frequen-
cies could be employed for THz bands; however,
they are not able to show adequate performance
that these bands require [72]. The transmission
windows dramatically change due to peaks which
their intervals change with respect to transmission
distance. Hence, the physical layers of THz systems
are in need of novel modulation schemes consider-
ing the constraints due to propagation characteris-
tics. On the consequence of short distance depen-
dency, modulation schemes must be distance–aware
for macro scale networks. On the other hand, nano
networks necessitate low power consumption and
compact modulator design.

Two pulse–based modulation schemes are given
in [199, 200]. The schemes are designed for
the short–range communications in THz bands by
taking asynchronous pulses as on–off modulation
spread in time. Noting that the molecular ab-
sorption is not dominant for the short–range trans-
missions where the transmission windows are not
present. However, the windows differ from distance
to distance even if there are minor changes. The
modulation scheme is given in [201] enables to share
the bandwidth with respect to distances. In this
modulation, the transmitter chooses available win-
dows by considering distance, then it divides them
into sub–windows. After that, each carrier signal is
assigned to sub–windows and modulated by M–ary
quadrature amplitude modulation (QAM) where M
satisfies desired bit error rate (BER). Although the
modulation provides several Tbps data rate, there
is a high complexity issue with the control unit.
For this problem, the algorithm proposed in [202]
can be a solution in order to decrease the complex-
ity. The algorithm firstly determines the available
transmission bandwidth. Then, the number and
bandwidth of subcarriers are chosen so that the sub-
carrier bandwidth is smaller than coherence band-
width (i.e. flat fading).

Another crucial constraint for THz systems es-
pecially nano networks is the energy consump-
tion. The limited energy capacity of nano de-
vices confines the transmission power in order to
use a battery for a long time. Considering in–
vivo applications, it is important to consume the
power efficiently. For this aim, a new modulation
scheme based on time spread on–off keying (OOK)
(TS–OOK) and pulse position modulation (PPM)
is proposed in [203]. Whereas TS–OOK sends bits
one by one, the modulation transmits bits as a se-
quence which is defined by silence and very short
pulse. From this aspect, it bears resemblance to
PPM, but the symbol duration is not constant.
While the mean transmission time for each bit in-
creases with order of modulation, the energy per
bit remains constant and data rate generally de-
creases. In this scheme, there is a trade–off be-
tween energy and data rate. According to the anal-
ysis made in [204], M–QAM is more suitable to
use in the femtocell systems than M–ary frequency
shift keying (FSK). The authors state that M–
QAM shows better performance in energy efficiency
for the distances up to 10m. Another comparison
is given in [205] indicates that binary phase shift
keying (BPSK) shows higher performance and bet-
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Figure 4: Total path losses for (a) different distances between transmitter and receiver at room temperature with 20% relative
humidity and 1 atm pressure (b) different relative humidity levels at 1 m distance and room temperature with 1 atm pressure

ter energy efficiency compared to OOK and PPM.
However, the hardware complexity is required to
employ BPSK.

Furthermore, very short pulse duration results
in almost virtual orthogonal channels [206]. In
[202], distance and frequency dependent modula-
tion scheme that allows for multicarrier communi-
cation is proposed. First, it selects the bandwidth,
then sets the subcarrier bandwidth of orthogonal
frequency division multiplexing (OFDM) signal be-
cause the THz bands are resistant to the fre-
quency selective characteristic. Moreover, the
distance–aware bandwidth–adaptive resource allo-
cation scheme is given in [207]. In [208], a novel
waveform, which adjusts the ratio and transmission
power depending on distance for each sub–window,
is given.

3.3.2. Channel Codes

Not only the modulation schemes but also chan-
nel coding can aid to the design of energy–efficient
THz wireless communications systems. In the sys-
tems such as LTE and WLAN which utilize lower
frequencies, channel codes aim to maximize data
rates for constant energy consumption. The codes
to be designed for physical layer operations of THz
systems must take decoding power consumption
in addition to transmit power into consideration.
The coding and decoding processes should be light–
weight because of limited computation capacity of
nano devices. Noting that THz bands enable tera–
bits in a second, decoding times become one of the

key parameters for the channel coding. To avoid
long decoding times, the codes can purpose preven-
tion from error instead of correction. For instance,
the coding schemes proposed in [209–211] operate
in the same manner. Actually, any novel channel
coding scheme is proposed in these studies. They
show that the interference can be mitigated by ad-
justing the average Hamming weight of a codeword.

Similar to the modulation order, a system that
can change the coding rate depending on the chan-
nel condition (i.e. distance and humidity) is given
in [212]. The rate adaptation algorithm is run by
taking the humidity level of the transmission envi-
ronment into account. The access point estimates
the channel condition with respect to humidity.
For the systems using TS–OOK, it is important
to decrease the number of 1s in the transmitted
sequence since 0s corresponds to silences, so en-
ergy is saved. To this end, the method in [213]
focuses on the reduction of the number of 1s by
encoding to the codewords with the least number
of 1s. The same approach is employed in [214] for
the source coding to reduce the number of 1s in
the source symbols. In [215], performance of this
algorithm for constructing optimal codebook is an-
alyzed considering energy consumption of receiver
and transmitter jointly. However, this approach
is not appropriate for links between nano devices
and a nodes and could battery problem. For the
comparison between low–weight codes, we refer to
[216]. For the latency–limited applications men-
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tioned in Section 2, one should bear in mind that
the pipelined decoders are not suitable since they
cause delays in transmission. The Epic project [217]
which was funded in the Horizon 2020 call ICT–09–
2017 aimed to design novel forward error correc-
tion (FEC) codes for the reliable communication in
the THz bands.

3.3.3. MIMO Systems

The antenna arrays can be a solution for the
distance problem in the transmission environments
having high attenuation as they are able to prop-
agate in the narrow beamwidth; however, they are
expensive. In [218, 219], array–of–subarrays is pro-
posed to reduce hardware complexity. Also, MIMO
systems can enable the THz bands to be utilized
more efficiently in terms of increasing data rates
at the cost of complexity. The multiple users can
be supported by the MIMO systems with grouped
antennas. Moreover, the employement of nano an-
tennas in the MIMO systems provides many ele-
ments in compact array size. In [220], performance
of 1024 × 1024 ultra–massive MIMO architecture
is investigated with numeric and analytic examina-
tion. The architecture and link have the capacity
to reach data rates up to 8Tbps for the distance
about 10m. In order to increase the data rates at
longer distances, it is not the best solution that
the number of antennas is raised since the windows
are getting smaller with the distance. In [190], the
authors suggested the use of different windows at
the same time for communication. It is experimen-
tally denoted that 2×2 LOS MIMO system reaches
data rates about 7Gbps at the low THz frequency
region [189]. The basic misstep in literature is to ig-
nore the multiplexing capability for MIMO systems,
assuming THz communications is only LOS, yet
[197, 221] show the presence of re–emission of ab-
sorbed electromagnetic waves from molecules in the
environment. Moreover, it is shown that the emit-
ted signals are highly correlated with the main sig-
nal. As a consequence, the multiplexing can be in-
vestigated for THz communication. A multiplexing
technique can provide performance gain in the en-
vironments showing characteristics of re–radiation
[222]. For the mobile scenarios, the MIMO systems
seriously require the beamspace channel in order
to select a proper beam. The channel tracking is a
compelling task for ultra–massive MIMO communi-
cation in THz band because it is not explained with
first–order Markov process as in lower frequencies.
However, a tracking algorithm without high pilot

overhead is proposed in [223].

3.3.4. Relays

The LOS dominant characteristics of THz com-
munications can open the way to the use of the
relay. Especially, in the presence of blockage, re-
lays are able to continue to transmission of the LOS
link. In addition, the coverage can be expanded
by using relays with a few numbers of hops [224].
For example, the reflect–arrays could be employed
for this purpose without forgetting that it should
be placed at the appropriate points in the environ-
ment. Reflect–arrays cannot permit the dynamic
changes in the position of receiver or transmitter
due to the high complexity problem.

On the other hand, software–defined metasur-
faces [225–227] or hypersurfaces [228, 229] are flex-
ible to use in any indoor environment because they
have the ability of control and optimization of the
channel effects via software.

3.3.5. Medium Access Control

As THz communications provides wide windows
and suffers from low power capacity, the new
medium access control (MAC) protocols suitable
for THz environment are needed to be designed.
Moreover, the razor–sharp beamforming and beam–
tracking entail strong MAC protocol in order to
avoid from deafness even though the collision prob-
ability decreases due to short duration signaling and
directional links. In contrary to the current beam-
forming techniques which are based on single side
of the communications link –generally transmitter–,
the directional beams are required at receiver side of
THz links as well [230]. In this case, the computa-
tion complexity increases. For an effective commu-
nication between the nodes, antennas must be cor-
rectly aligned. The MAC protocol given in [230] op-
erates in two phases which are control information
sharing and actual data transmission after align-
ment via 2.4GHz omnidirectional channel and THz
bands, respectively. Another protocol [231] runs in
the same manner except that it surveys the spatial
domain by using an omnidirectional antenna in the
THz bands. The protocol is supported by memory
to increase the performance of access point in the
angular division multiplexing scheme. The unreg-
istered angular slots are thus omitted by the access
point. Another problem in nano networks arises in
terms of energy consumption. The nano nodes har-
vest and store energy from multiple sources in or-
der to continue communication; therefore, the MAC
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layer must be able to become aware that harvested
energy for a nano node is sufficient to receive the
data bits from the transmitter. Two novel MAC
protocols [232, 233] designed for the energy–aware
nano networks using THz band enable to communi-
cate by taking into account the amount of energies
in nano nodes. Whereas [232] proposes a protocol
for centralized and distributed networks based on
probabilistic and graph coloring respectively, [233]
focuses on ad hoc networks without central schedul-
ing.

Although the collision probability is low due to
the short transmission time, the novel error cor-
rection and detection schemes are required in THz
networks as longer data packets can face with huge
channel errors. It is known that the buffering prob-
lems can appear as a result of long data packets.
Therefore, packet optimization gains importance
for THz communication systems. For this purpose,
optimal data packet length can be determined by
considering the energy harvesting limits and the
successful packet transmission time [234].

As mentioned in Section 3.3, the THz wireless
communications systems are required to be aware
of availability of bandwidth and distance by ad-
justing modulation and coding schemes for optimal
communications. As a result, the rearrangement of
used modulation and coding schemes is handled by
MAC. Moreover, MAC must be aware of the physi-
cal layer in a THz communication system [235]. Be-
cause of the nature of THz band, the smaller cover-
age area suffers from frequent handovers. For this
reason, the system should have ability of switch-
ing between THz communication system and other
systems such as mmWave. The MAC protocols are
proposed in [236, 237] enable that the system can
switch between THz and mmWave frequencies. The
protocols can be employed for vehicular networks
for that probability of handover is high.

3.3.6. Synchronization

The THz communication systems are prone to
synchronization errors owing to the fact that they
employ ultra–short pulses which have the require-
ment of high–speed analog–to–digital converters
(ADCs). The high–speed ADCs cannot be used
with most of nodes in THz networks because of size
and high energy consumption. Indeed, in terms of
ADCs, the Nyquist rate in the THz band is not easy
to achieve. In literature, there are synchronization
schemes based on cyclostationarity [238], correla-
tion [239], and subspace technique [240]; however,

these schemes are more complex and need to know
channel information. Therefore, the synchroniza-
tion schemes for THz band must be more powerful
than the schemes used in standardized bands.

In [241], synchronization scheme based on dy-
namically time–shifting in the signal at the receiver
and adjustable observation window of a continuous–
time moving–average (CTMA) symbol detector is
proposed for a pulse–based THz communication
systems. The scheme uses a voltage controlled delay
line for dynamic time–shifting. The synchroniza-
tion takes place as follows that the array of voltage
controlled delay lines and CTMA detector are it-
eratively used for detection of symbol start time
and observation window length. In addition, the
time corresponding to maximum energy over the
long–integral windows can be selected as the syn-
chronization point [242]. Based on aforementioned
reasons, the sampling rates of ADCs are not suffi-
cient for Nyquist rate for THz bands, so small errors
in timing affect the system performance even if tim-
ing errors are in the range of picoseconds. To avoid
these errors at low sampling rates, the annihilat-
ing filter method and the spectral estimation tech-
niques in the frequency domain can be employed
for timing prediction [243].

3.4. Network Architecture

The unique characteristics such as huge band-
width, data rate about terabits in a second, very
directional links, and the low energy signal genera-
tion give rise to the fact that existing network ar-
chitectures are inadequate to reveal the expected
performance of THz communications systems. As
a result, the novel architectures must be designed
for THz band communications.

In the realization of THz band wireless commu-
nications, there are several challenges such as han-
dover, synchronization, MAC, beamforming, and
beam–tracking management and so on. To ob-
serve the performance of network architectures in
the THz band, there are recently developed open
source simulation environments as ns–3 extension:
Nano–Sim [244] and TeraSim [245]. Whereas Nano–
Sim is suitable for only nano scale scenarios in THz
band communication without considering frequency
selective channel and energy harvesting for nano
nodes, TeraSim has the capability of simulation for
frequency selective channels and nano nodes har-
vesting energy.
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4. Current State of the Art: Achieved Data
Rates

In this section, the actual data rates reached at
the THz bands until recently are discussed. For
example, amplitude shift keying (ASK) scheme is
used in the frequency range from 0.125THz to
0.54THz with data rate up to 30Gbps. Besides
ASK, OOK scheme is utilized and it enables to
reach up to 25Gbps for the distance of 50cm [246].
In [247], 25Gbps is reached by multiplier reinforced
transmitter and receiver using 0.24THz carrier fre-
quency and OOK modulation over 60cm. More-
over, higher–order modulation schemes are em-
ployed for the data transfer in THz band. For in-
stance, [248–250] show that it is possible to reach
tens of Gbps around 0.4THz by using 16–QAM.
Furthermore, 8–phase shift keying (PSK) modula-
tion is employed in [251], then 30Gbps is realized
at 240GHz with 40cm. Surprisingly, [252] demon-
strates that the wireless equipment supported with
InGaAs/InP HEMT–based mmWave amplifier to
increase transmission distance can be able to have
10Gbps data rate without FEC over the distance of
5.8km.

THz wireless communication systems can be con-
sidered as power–limited systems, so transmission
power should be kept as low as possible. On the
other hand, due to high path loss, the path taken by
THz signals in the environment is very short. For
all these reasons, it is clear that high–level modu-
lation schemes for the same BER and transmission
power will allow communication over much shorter
distances. THz wireless communication systems are
expected to use lower level modulation schemes in-
stead of high–level modulation schemes. Thus, with
relatively low transmission power, it will provide ac-
ceptable BER at longer distances. To increase data
rate, the system must have high output power and
use high level modulation scheme. The data rates
reached by experimental platforms are summarized
in Table 4. For comprehensive information on the
data links and transceivers, we refer the readers to
the references given in Table 4.

5. Standardization Efforts

The standardization process for the future wire-
less communications systems in THz bands was ini-
tiated by Interest Group on THz communication
under the IEEE 802.15 umbrella in early 2008. By
the year 2013, IEEE 802.15 WPAN Task Group

3–D 100 Gbit/s Wireless (TG 3d 100 G) [12] was
set up to establish the standard for 100Gbps wire-
less communication between 275 − 325GHz. As
a result of efforts of the group, the world’s first
wireless communication standard, IEEE 802.15.3d–
2017, operating on the 300GHz frequency range,
was approved on September 28, 2017 and published
on October 12, 2018 [268]. The standard targets
use of THz communication systems in the applica-
tions of Kiosk downloading, intra–device communi-
cation, wireless backhauling and fronthauling, and
wireless links in data centers. Applications Re-
quirements Document [269] defines use cases and
performance and functional requirements of the
system in application–based approach. The stan-
dard includes key imagery such as new physical
layer based on IEEE 802.15.3–2016, MAC mainly
based on IEEE 802.15.3e–2017, 8 different chan-
nels with a bandwidth of multiples of 2.16GHz up
to 69.12GHz. Furthermore, it allows using seven
modulation (BPSK, quadrature phase shift key-
ing (QPSK), 8–PSK, 8–PSK, 16–QAM, 64–QAM,
and OOK) and three coding (RS(240,224), 14/15–
LDPC, and 11/14–LDPC) schemes. The standard
also supports single carrier mode and OOK mode
in the physical layer. In addition, Channel Mod-
eling Document [270] summarizes channel propaga-
tion characteristics for the target scenarios and pro-
pounds application–based channel models specifi-
cally.

The future steps for the standard should investi-
gate the interference with the bands identified by
ITU for usage by the applications such as radio
astronomy, Earth exploration–satellite, and space
research services which are given in [271].

It is known that the power loss in propagation is
mainly caused owing to absorption by water vapor.
Therefore, it is important to make analysis taking
into account the regional propagation properties in
the next actions.

6. Conclusion

The ultra–wide bandwidth provided by the THz
bands enables high–speed data transmissions. For
this reason, it is planned that future communica-
tion systems will benefit from this frequency region.
THz wireless communication systems will help to
implement various applications as well as many use
cases are expected to provide opportunities for the
development of THz wireless communication sys-
tems.
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Table 4: Summary of achieved data rates in THz bands

Frequency (GHz) Data Rate (Gbps) Modulation Distance (m) Reference

120 20 QPSK 1700 [253]
125 10 ASK 200 [254]
200 1 ASK 2.6 [255]
200 10 ASK 5800 [252]
220 25 OOK 0.5 [246]
220 30 ASK 20 [256]
237 100 16–QAM 20 [257]
240 16 QPSK 0.01 [258]
240 25 OOK 60 [247]
240 30 8–PSK 40 [251]
250 8 ASK 0.5 [259]
260 10 OOK 0.04 [260]
297 10 OOK 0.3 [261]
300 24 ASK 0.3 [262]
300 24 ASK 0.5 [263]
300 48 OOK 1 [264]
340 3 16–QAM 0.3 [265]
350 100 16–QAM 2 [266]
385 32 16–QAM 25 [248]
400 80 16–QAM 0.5 [249]
400 106 16–QAM N/A [250]
542 2 ASK 0.01 [267]

Signal generation, transmission, and sensing are
the main problems in the THz bands, recent stud-
ies on graphene have brought new horizons in the
signal generation since graphene allows SPP waves
to propagate. Furthermore, the development of
graphene–based antennas that are likely to be used
in nanonetworks is another promising advance. Be-
sides graphene, SiGe, InP, and InGaAs are popu-
lously investigated materials in transceiver design.
As QCLs require a cryogenic cooler, it seems to be
impractical for THz transceiver design. The high
attenuation lies in the nature of THz bands; there-
fore, the design of amplifiers and antennas is an-
other crucial matter to accomplish high gain and
directivity.

The channel and noise characteristics of THz
links, which differ greatly when compared to the
bands that are already in use, are investigated and
modeled in many studies. These studies with the
emphasis on channel behavior, and noise charac-
teristics in THz bands are explained in this pa-
per. In order to create a proper communication
system in THz bands, physical layer requirements
as well as the attributes that the upper layers need

to carry are explained. New modulation and chan-
nel code schemes that take into account the physical
layer parameters such as energy efficiency, distance,
and bandwidth are required. When FECs are de-
signed, the number of iterations, flexibility of code
rate, and flexibility in block lengths must be taken
into consideration in the aspect of reliable physical
layer design of THz wireless communications sys-
tems. MAC and synchronization should be investi-
gated in more detail. Since the studies have mostly
focused on the physical layer, the MAC and upper
layers have to be studied carefully in the next steps.
The network must be designed to work seamlessly
with huge bandwidths, high data rates and a large
number of nodes.

Since the size of THz cells will be tiny, the system
architecture needs to be designed carefully. THz
wireless communications systems can collaborate
with other networks heterogeneously. The hetero-
geneous system can be employed in between THz
and mmWave networks for beyond 5G communi-
cations. In order to design efficient heterogeneous
networks, studies on THz wireless communication
in different layers of heterogeneous networks must
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be carried out by future research.
The THz bands seem to allow data transmis-

sion at high speeds up to 100Gbps for short–range
communications. Different issues such as channel
modeling, transceiver design, antenna design, sig-
nal processing, upper layer protocols, and security
should be researched jointly in order to increase the
data rates that can be reached and realized by THz
wireless communications systems.

Clearly, the development and dissemination of
THz radio communications systems are not an evo-
lutionary process. On the contrary, hardware,
physical channel, and network require revolution-
ary development to communicate at THz bands for
beyond 5G wireless communication systems.
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F. Pariente, R. Wannemacher, K. Weber, J. Popp,
E. Lorenzo, Carbon Nanodots Based Biosensors for
Gene Mutation Detection, Sensors and Actuators B:
Chemical 256 (2018) 226–233.

[33] M. Arruebo, R. Fernández-Pacheco, M. R. Ibarra,
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J. Lehtomäki, Y. Suzuki, A Causal Channel Model
for the Terahertz Band, IEEE Trans. Terahertz Sci.
Technol. 8 (1) (2018) 52–62.

[189] N. Khalid, O. B. Akan, Experimental Throughput
Analysis of Low–THz MIMO Communication Chan-
nel in 5G Wireless Networks, IEEE Wireless Commun.
Lett. 5 (6) (2016) 616–619.

[190] I. F. Akyildiz, J. M. Jornet, Realizing Ultra–massive
MIMO (1024× 1024) Communication in the (0.06–
10) Terahertz Band, Nano Communication Networks
8 (2016) 46–54.

[191] C. Han, J. M. Jornet, I. Akyildiz, Ultra–Massive
MIMO Channel Modeling for Graphene–Enabled
Terahertz–Band Communications, in: 87th Vehicu-
lar Technology Conference (VTC Spring), IEEE, 2018,
pp. 1–5.

[192] R. Piesiewicz, C. Jansen, D. Mittleman, T. Kleine-
Ostmann, M. Koch, T. Kurner, Scattering Analysis for
the Modeling of THz Communication Systems, IEEE
Trans. Antennas Propag. 55 (11) (2007) 3002–3009.

[193] C. Jansen, S. Priebe, C. Moller, M. Jacob, H. Dierke,
M. Koch, T. Kurner, Diffuse Scattering from Rough
Surfaces in THz Communication Channels, IEEE
Trans. Terahertz Sci. Technol. 1 (2) (2011) 462–472.

[194] F. Sheikh, D. Lessy, T. Kaiser, A Novel Ray–Tracing
Algorithm for Non–Specular Diffuse Scattered Rays at
Terahertz Frequencies, in: 1st International Workshop
on Mobile Terahertz Systems (IWMTS), IEEE, 2018,
pp. 1–6.

[195] J. Mo, P. Schniter, R. W. Heath, Channel Estimation
in Broadband Millimeter Wave MIMO Systems with
Few–bit ADCs, IEEE Trans. Signal Process. 66 (5)
(2018) 1141–1154.

[196] S. Chandrasekhar, Radiative Transfer, Courier Corpo-
ration, 2013.

[197] J. Kokkoniemi, J. Lehtomäki, M. Juntti, A Discus-
sion on Molecular Absorption Noise in The Terahertz
Band, Nano Communication Networks 8 (2016) 35–45.

[198] I. E. Gordon, L. S. Rothman, C. Hill, R. V. Kochanov,
Y. Tan, P. F. Bernath, M. Birk, V. Boudon, A. Cam-
pargue, K. Chance, et al., The HITRAN2016 Molec-
ular Spectroscopic Database, Journal of Quantitative
Spectroscopy and Radiative Transfer 203 (2017) 3–69.

[199] J. M. Jornet, I. F. Akyildiz, Information Capacity of
Pulse–based Wireless Nanosensor Networks, in: 8th
Annual IEEE Communications Society Conference on
Sensor, Mesh and Ad Hoc Communications and Net-
works (SECON), IEEE, 2011, pp. 80–88.

[200] J. M. Jornet, I. F. Akyildiz, Femtosecond–long Pulse–
based Modulation for Terahertz Band Communication
in Nanonetworks, IEEE Trans. Commun. 62 (5) (2014)
1742–1754.

[201] C. Han, I. F. Akyildiz, Distance–aware multi–carrier
(damc) modulation in terahertz band communication,
in: IEEE International Conference on Communica-
tions (ICC), IEEE, 2014, pp. 5461–5467.

[202] A.-A. A. Boulogeorgos, E. N. Papasotiriou, A. Alexiou,
A Distance and Bandwidth Dependent Adaptive Mod-
ulation Scheme for THz Communications, in: 19th In-
ternational Workshop on Signal Processing Advances
in Wireless Communications (SPAWC), IEEE, 2018,
pp. 1–5.

[203] A. K. Vavouris, F. D. Dervisi, V. K. Papanikolaou,
G. K. Karagiannidis, An Energy Efficient Modulation
Scheme for Body–centric Nano–communications in the
THz Band, in: 7th International Conference on Mod-
ern Circuits and Systems Technologies (MOCAST),
IEEE, 2018, pp. 1–4.

[204] N. Khalid, T. Yilmaz, O. B. Akan, Energy–efficient
Modulation and Physical Layer Design for Low Tera-
hertz Band Communication Channel in 5G Femtocell
Internet of Things, Ad Hoc Networks.

[205] E. Zarepour, M. Hassan, C. T. Chou, S. Bayat, Per-
formance Analysis of Carrier–less Modulation Schemes
for Wireless Nanosensor Networks, in: 15th Interna-
tional Conference on Nanotechnology (NANO), IEEE,

24



2015, pp. 45–50.
[206] N. Akkari, J. M. Jornet, P. Wang, E. Fadel, L. Elre-

faei, M. G. A. Malik, S. Almasri, I. F. Akyildiz, Joint
Physical and Link Layer Error Control Analysis for
Nanonetworks in the Terahertz Band, Wireless Net-
works 22 (4) (2016) 1221–1233.

[207] C. Han, I. F. Akyildiz, Distance–aware Bandwidth–
adaptive Resource Allocation for Wireless Systems in
the Terahertz Band, IEEE Trans. Terahertz Sci. Tech-
nol. 6 (4) (2016) 541–553.

[208] C. Han, A. O. Bicen, I. F. Akyildiz, Multi–wideband
Waveform Design for Distance–adaptive Wireless
Communications in the Terahertz Band, IEEE Trans.
Signal Process. 64 (4) (2016) 910–922.

[209] J. M. Jornet, I. F. Akyildiz, Low–weight Channel
Coding for Interference Mitigation in Electromagnetic
Nanonetworks in the Terahertz Band, in: Interna-
tional Conference on Communications (ICC), IEEE,
2011, pp. 1–6.

[210] J. M. Jornet, Low–weight Channel Codes for Error
Prevention in Electromagnetic Nanonetworks in the
Terahertz Band, in: Proceedings of ACM The First
Annual International Conference on Nanoscale Com-
puting and Communication, ACM, 2014, p. 5.

[211] J. M. Jornet, Low–weight Error–prevention Codes for
Electromagnetic Nanonetworks in the Terahertz Band,
Nano Communication Networks 5 (1-2) (2014) 35–44.

[212] F. Moshir, S. Singh, Modulation and Rate Adaptation
Algorithms for Terahertz Channels, Nano Communi-
cation Networks 10 (2016) 38–50.

[213] M. Kocaoglu, O. B. Akan, Minimum Energy Channel
Codes for Nanoscale Wireless Communications, IEEE
Trans. Wireless Commun. 12 (4) (2013) 1492–1500.

[214] M. A. Zainuddin, E. Dedu, J. Bourgeois, Nanonet-
work Minimum Energy Coding, in: 11th International
Conference on Ubiquitous Intelligence and Comput-
ing, IEEE, 2014, pp. 96–103.

[215] L. Huang, W. Wang, S. Shen, Energy–efficient Coding
for Electromagnetic Nanonetworks in The Terahertz
Band, Ad Hoc Networks 40 (2016) 15–25.

[216] M. A. Zainuddin, E. Dedu, J. Bourgeois, Low–
Weight Code Comparison for Electromagnetic Wire-
less Nanocommunication, IEEE Internet Things J.
3 (1) (2016) 38–48.

[217] W. Norbert, S. Onur, Next–Generation Channel Cod-
ing Towards Terabit/s Wireless Communicationsdoi:
10.5281/zenodo.1346685.

[218] C. Lin, G. Y. Li, Adaptive Beamforming with Re-
source Allocation for Distance–aware Multi–user In-
door Terahertz Communications, IEEE Trans. Com-
mun. 63 (8) (2015) 2985–2995.

[219] C. Lin, G. Y. L. Li, Terahertz Communications: An
Array–of–subarrays Solution, IEEE Commun. Mag.
54 (12) (2016) 124–131.

[220] L. M. Zakrajsek, D. A. Pados, J. M. Jornet, Design and
Performance Analysis of Ultra–massive Multi–carrier
Multiple Input Multiple Output Communications in
the Terahertz Band, in: Image Sensing Technologies:
Materials, Devices, Systems, and Applications IV, Vol.
10209, International Society for Optics and Photonics,
2017, p. 102090A.

[221] J. M. Jornet Montana, Fundamentals of Electromag-
netic Nanonetworks in the Terahertz Band, Ph.D. the-
sis, Georgia Institute of Technology (2013).

[222] S. A. Hoseini, M. Ding, M. Hassan, Massive MIMO

Performance Comparison of Beamforming and Multi-
plexing in the Terahertz Band, in: 2017 IEEE Globe-
com Workshops, 2017, pp. 1–6.

[223] X. Gao, L. Dai, Y. Zhang, T. Xie, X. Dai, Z. Wang,
Fast Channel Tracking for Terahertz Beamspace Mas-
sive MIMO Systems, IEEE Trans. Veh. Technol. 66 (7)
(2017) 5689–5696.

[224] Q. Xia, J. M. Jornet, Cross–layer Analysis of Op-
timal Relaying Strategies for Terahertz–band Com-
munication Networks, in: Wireless and Mobile Com-
puting, Networking and Communications (WiMob),
IEEE, 2017, pp. 1–8.

[225] C. Liaskos, A. Tsioliaridou, A. Pitsillides, I. F. Aky-
ildiz, N. V. Kantartzis, A. X. Lalas, X. Dimitropou-
los, S. Ioannidis, M. Kafesaki, C. Soukoulis, Design
and Development of Software Defined Metamaterials
for Nanonetworks, IEEE Circuits Syst. Mag. 15 (4)
(2015) 12–25.

[226] C. Liaskos, S. Nie, A. Tsioliaridou, A. Pitsillides,
S. Ioannidis, I. Akyildiz, A New Wireless Communica-
tion Paradigm through Software–controlled Metasur-
faces, arXiv preprint arXiv:1806.01792.

[227] A. C. Tasolamprou, M. S. Mirmoosa, O. Tsilipakos,
A. Pitilakis, F. Liu, S. Abadal, A. Cabellos-Aparicio,
E. Alarcón, C. Liaskos, N. V. Kantartzis, et al., In-
tercell Wireless Communication in Software–defined
Metasurfaces, in: IEEE International Symposium on
Circuits and Systems (ISCAS), IEEE, 2018, pp. 1–5.

[228] C. Liaskos, A. Tsioliaridou, A. Pitsillides, S. Ioan-
nidis, I. Akyildiz, Using any Surface to Realize a
New Paradigm for Wireless Communications, arXiv
preprint arXiv:1806.04585.

[229] I. F. Akyildiz, C. Han, S. Nie, Combating the Dis-
tance Problem in the Millimeter Wave and Terahertz
Frequency Bands, IEEE Commun. Mag. 56 (6) (2018)
102–108.

[230] X.-W. Yao, J. M. Jornet, TAB–MAC: Assisted Beam-
forming MAC Protocol for Terahertz Communication
Networks, Nano Communication Networks 9 (2016)
36–42.

[231] C. Han, W. Tong, X.-W. Yao, MA–ADM: A Memory–
assisted Angular–division–multiplexing MAC Protocol
in Terahertz Communication Networks, Nano Commu-
nication Networks 13 (2017) 51–59.

[232] S. Mohrehkesh, M. C. Weigle, RIH–MAC: Receiver–
initiated Harvesting–aware MAC for Nanonetworks,
in: Proceedings of ACM The First Annual Interna-
tional Conference on Nanoscale Computing and Com-
munication, ACM, 2014, p. 6.

[233] S. Mohrehkesh, M. C. Weigle, S. K. Das, DRIH–
MAC: A Distributed Receiver–initiated Harvesting–
aware MAC for Nanonetworks, IEEE Trans. Mol. Biol.
Multiscale Commun. 1 (1) (2015) 97–110.

[234] P. Johari, J. M. Jornet, Packet Size Optimization for
Wireless Nanosensor Networks in the Terahertz Band,
in: IEEE International Conference on Communica-
tions (ICC), IEEE, 2016, pp. 1–6.

[235] J. M. Jornet, J. C. Pujol, J. S. Pareta, Phlame:
A Physical Layer Aware MAC Protocol for Electro-
magnetic Nanonetworks in the Terahertz Band, Nano
Communication Networks 3 (1) (2012) 74–81.

[236] A. S. Cacciapuoti, R. Subramanian, K. R. Chowd-
hury, M. Caleffi, Software–defined Network Controlled
Switching between Millimeter Wave and Terahertz
Small Cells, arXiv preprint arXiv:1702.02775.

25

http://dx.doi.org/10.5281/zenodo.1346685
http://dx.doi.org/10.5281/zenodo.1346685


[237] A. S. Cacciapuoti, K. Sankhe, M. Caleffi, K. R.
Chowdhury, Beyond 5G: THz–Based Medium Access
Protocol for Mobile Heterogeneous Networks, IEEE
Commun. Mag. 56 (6) (2018) 110–115.

[238] L. Yang, Z. Tian, G. B. Giannakis, Non–data Aided
Timing Acquisition of Ultra–wideband Transmissions
Using Cyclostationarity, in: IEEE International Con-
ference on Acoustics, Speech, and Signal Processing
(ICASSP), Vol. 4, IEEE, 2003, pp. IV–121.

[239] C. Carbonelli, U. Mengali, Synchronization Algo-
rithms for UWB Signals, IEEE Trans. Commun. 54 (2)
(2006) 329–338.

[240] I. Maravic, M. Vetterli, Low–complexity Subspace
Methods for Channel Estimation and Synchroniza-
tion in Ultra–wideband Systems, in: International
Workshop on Ultra-Wideband Systems (IWUWB), no.
CONF, 2003.

[241] A. Gupta, M. Medley, J. M. Jornet, Joint Synchro-
nization and Symbol Detection Design for Pulse–based
Communications in the THz Band, in: Global Com-
munications Conference (GLOBECOM), IEEE, 2015,
pp. 1–7.

[242] P. Singh, B. W. Kim, S. Y. Jung, Preamble–based
Synchronisation Scheme for Electromagnetic Wireless
Nanocommunications, IET Communications 11 (7)
(2017) 1097–1105.

[243] C. Han, I. F. Akyildiz, W. H. Gerstacker, Timing Ac-
quisition and Error Analysis for Pulse–Based Tera-
hertz Band Wireless Systems, IEEE Trans. Veh. Tech-
nol. 66 (11) (2017) 10102–10113.

[244] G. Piro, L. A. Grieco, G. Boggia, P. Camarda, Nano–
Sim: Simulating Electromagnetic–based Nanonet-
works in the Network Simulator 3, in: 6th Interna-
tional Conference on Simulation Tools and Techniques,
ICST, 2013, pp. 203–210.

[245] Z. Hossain, Q. Xia, J. M. Jornet, TeraSim: An ns–
3 Extension to Simulate Terahertz–band Communi-
cation Networks, Nano Communication Networks 17
(2018) 36–44.

[246] I. Kallfass, J. Antes, T. Schneider, F. Kurz, D. Lopez-
Diaz, S. Diebold, H. Massler, A. Leuther, A. Tess-
mann, All Active MMIC–based Wireless Communica-
tion at 220 GHz, IEEE Trans. Terahertz Sci. Technol.
1 (2) (2011) 477–487.

[247] J. Antes, J. Reichart, D. Lopez-Diaz, A. Tessmann,
F. Poprawa, F. Kurz, T. Schneider, H. Massler, I. Kall-
fass, System Concept and Implementation of a mmW
Wireless Link Providing Data Rates up to 25 Gbit/s,
in: International Conference on Microwaves, Commu-
nications, Antennas and Electronics Systems (COM-
CAS), IEEE, 2011, pp. 1–4.

[248] P. Latzel, F. Pavanello, S. Bretin, P. Szriftgiser,
R. Kassi, K. Engenhardt, E. Lecomte, E. Peytavit,
J.-F. Lampin, M. Zaknoune, et al., THz Transmission
Using QAM–16 and 32 Gbit/s on 25m, in: 41st Inter-
national Conference on Infrared, Millimeter, and Ter-
ahertz Waves, IEEE, 2016, pp. 1–2.

[249] S. Jia, X. Yu, H. Hu, J. Yu, T. Morioka, P. U. Jepsen,
L. K. Oxenlowe, 80 Gbit/s 16–QAM Multicarrier THz
Wireless Communication Link in the 400 GHz Band,
in: 42nd European Conference on Optical Communi-
cation (ECOC), VDE, 2016, pp. 1–3.

[250] S. Jia, X. Pang, O. Ozolins, X. Yu, H. Hu, J. Yu,
P. Guan, F. Da Ros, S. Popov, G. Jacobsen, et al.,
0.4 THz Photonic–wireless Link with 106 Gb/s Sin-

gle Channel Bitrate, Journal of Lightwave Technology
36 (2) (2018) 610–616.

[251] J. Antes, S. Koenig, D. Lopez-Diaz, F. Boes, A. Tess-
mann, R. Henneberger, O. Ambacher, T. Zwick,
I. Kallfass, Transmission of an 8–PSK Modulated 30
Gbit/s Signal using an MMIC–based 240 GHz Wire-
less Link, in: IEEE MTT-S International Microwave
Symposium Digest (IMS), IEEE, 2013, pp. 1–3.

[252] A. Hirata, T. Kosugi, H. Takahashi, J. Takeuchi,
K. Murata, N. Kukutsu, Y. Kado, S. Okabe, T. Ikeda,
F. Suginosita, et al., 5.8–km 10–Gbps Data Transmis-
sion over a 120–GHz–band Wireless Link, in: IEEE In-
ternational Conference on Wireless Information Tech-
nology and Systems (ICWITS), IEEE, 2010, pp. 1–4.

[253] H. Takahashi, A. Hirata, J. Takeuchi, N. Kukutsu,
T. Kosugi, K. Murata, 120–GHz–band 20–Gbit/s
Transmitter and Receiver MMICs Using Quadrature
Phase Shift Keying, in: 7th European Microwave In-
tegrated Circuits Conference (EuMIC), IEEE, 2012,
pp. 313–316.

[254] A. Hirata, T. Kosugi, H. Takahashi, R. Yamaguchi,
F. Nakajima, T. Furuta, H. Ito, H. Sugahara, Y. Sato,
T. Nagatsuma, 120–GHz–band Millimeter–wave Pho-
tonic Wireless Link for 10–Gb/s Data Transmission,
IEEE Trans. Microw. Theory Tech. 54 (5) (2006) 1937–
1944.

[255] G. Ducournau, P. Szriftgiser, D. Bacquet, A. Beck,
T. Akalin, E. Peytavit, M. Zaknoune, J. Lampin, Op-
tically Power Supplied Gbit/s Wireless Hotspot using
1.55 µm THz Photomixer and Heterodyne Detection
at 200 GHz, Electronics Letters 46 (19) (2010) 1349–
1351.

[256] J. Antes, S. Koenig, A. Leuther, H. Massler,
J. Leuthold, O. Ambacher, I. Kallfass, 220 GHz Wire-
less Data Transmission Experiments up to 30 Gbit/s,
in: IEEE MTT-S International Microwave Symposium
Digest (MTT), IEEE, 2012, pp. 1–3.

[257] S. Koenig, D. Lopez-Diaz, J. Antes, F. Boes, R. Hen-
neberger, A. Leuther, A. Tessmann, R. Schmogrow,
D. Hillerkuss, R. Palmer, et al., Wireless sub–THz
Communication System with High Data Rate, Nature
Photonics 7 (12) (2013) 977.

[258] S. Kang, S. V. Thyagarajan, A. M. Niknejad, A 240
GHz Fully Integrated Wideband QPSK Transmitter
in 65 nm CMOS, Solid–State Circuits 50 (10) (2015)
2256–2267.

[259] H.-J. Song, K. Ajito, A. Hirata, A. Wakatsuki, T. Fu-
ruta, N. Kukutsu, T. Nagatsuma, Multi–gigabit Wire-
less Data Transmission at over 200–GHz, in: 34th In-
ternational Conference on Infrared, Millimeter, and
Terahertz Waves, IEEE, 2009, pp. 1–2.

[260] J.-D. Park, S. Kang, S. V. Thyagarajan, E. Alon,
A. M. Niknejad, A 260 GHz Fully Integrated CMOS
Transceiver for Wireless Chip–to–chip Communica-
tion, in: Symposium on VLSI Circuits (VLSIC), IEEE,
2012, pp. 48–49.

[261] E. Lacombe, C. Belem-Goncalves, C. Luxey, F. Giane-
sello, C. Durand, D. Gloria, G. Ducournau, 10–Gb/s
Indoor THz Communications Using Industrial Si Pho-
tonics Technology, IEEE Microw. Wireless Compon.
Lett. 28 (4) (2018) 362–364.

[262] H.-J. Song, J.-Y. Kim, K. Ajito, M. Yaita, N. Kukutsu,
Fully Integrated ASK Receiver MMIC for Terahertz
Communications at 300 GHz, IEEE Trans. Terahertz
Sci. Technol. 3 (4) (2013) 445–452.

26



[263] H.-J. Song, K. Ajito, Y. Muramoto, A. Wakatsuki,
T. Nagatsuma, N. Kukutsu, 24 Gbit/s Data Transmis-
sion in 300 GHz Band for Future Terahertz Commu-
nications, Electronics Letters 48 (15) (2012) 953–954.

[264] T. Nagatsuma, S. Horiguchi, Y. Minamikata,
Y. Yoshimizu, S. Hisatake, S. Kuwano, N. Yoshimoto,
J. Terada, H. Takahashi, Terahertz Wireless Commu-
nications Based on Photonics Technologies, Optics Ex-
press 21 (20) (2013) 23736–23747.

[265] B. Lu, W. Huang, C. Lin, C. Wang, A 16QAM Modu-
lation Based 3Gbps Wireless Communication Demon-
stration System at 0.34 THz Band, in: 38th Interna-
tional Conference on Infrared, Millimeter, and Tera-
hertz Waves, IEEE, 2013, pp. 1–2.

[266] K. Liu, S. Jia, S. Wang, X. Pang, W. Li, S. Zheng,
H. Chi, X. Jin, X. Zhang, X. Yu, 100 Gbit/s THz
Photonic Wireless Transmission in The 350–GHz Band
With Extended Reach, IEEE Photon. Technol. Lett.
30 (11) (2018) 1064–1067.

[267] K. Ishigaki, M. Shiraishi, S. Suzuki, M. Asada,
N. Nishiyama, S. Arai, Direct Intensity Modula-
tion and Wireless Data Transmission Characteristics
of Terahertz–oscillating Resonant Tunnelling Diodes,
Electronics letters 48 (10) (2012) 582–583.

[268] IEEE 802.15 3d, IEEE Standard for High Data
Rate Wireless Multi-Media Networks–Amendment 2:
100 Gb/s Wireless Switched Point-to-Point Physical
Layer, IEEE Std 802.15.3d-2017 (2017) 1–55doi:10.
1109/IEEESTD.2017.8066476.

[269] IEEE 802.15 3d, Applications Requirements Docu-
ment, IEEE 802.15-14/0304r16.

[270] IEEE 802.15 3d, Channel Modeling Document, IEEE
802.15-14/0310-19-003d.

[271] S. Priebe, D. M. Britz, M. Jacob, S. Sarkozy, K. M.
Leong, J. E. Logan, B. S. Gorospe, T. Kurner, Inter-
ference Investigations of Active Communications and
Passive Earth Exploration Services in the THz Fre-
quency Range, IEEE Trans. Terahertz Sci. Technol.
2 (5) (2012) 525–537.

27

http://dx.doi.org/10.1109/IEEESTD.2017.8066476
http://dx.doi.org/10.1109/IEEESTD.2017.8066476

	Introduction
	Application Scenarios
	Fronthaul and Backhaul Links
	Nano Devices
	Health
	Military
	Environmental Pollution Monitoring

	Entertainment Technologies and Augmented Reality
	Directional Communication Links
	Satellite Communications
	Heterogeneous Networks

	Challenges and Solutions
	Transceivers Design in Terahertz Band
	Antennas
	Amplifiers

	Channel and Noise Modeling
	Channel
	Molecular Absorption Noise and Loss

	Physical Layer
	Modulation Schemes
	Channel Codes
	MIMO Systems
	Relays
	Medium Access Control
	Synchronization

	Network Architecture

	Current State of the Art: Achieved Data Rates
	Standardization Efforts
	Conclusion

