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ABSTRACT Terahertz (THz) carrier frequencies (100 GHz to 10 THz) have been touted as a source
for unprecedented wireless connectivity and high-precision sensing, courtesy of their wide bandwidth
availability and small wavelengths. However, noteworthy implementation challenges persist, ranging
from limitations in semiconductor device technologies to antenna design and packaging, as well as
system-level issues such as high path loss, complex beam management, and regulatory constraints. In
this paper, we survey recent advancements on 6G networks using THz frequencies, with a particular
emphasis on the 200–400 GHz frequency range and the IEEE 802.15.3d standard. This band offers a
compelling balance by providing ample bandwidth for high data-rate communications, while also exhibiting
lower atmospheric absorption for longer-range transmission, and can be viably realized using current
semiconductor technologies. Unlike other existing surveys in this domain, we provide a comprehensive
and holistic overview of THz systems, circuits, device technology, and antennas while also highlighting
recent experimental demonstrations of 6G networks using THz frequencies. Throughout this paper, we
review the state-of-the-art in 6G network implementation using THz, and call attention to open problems,
future prospects, and areas of further improvement in THz communication technologies to fully realize
their potential in next-generation wireless connectivity.

INDEX TERMS Terahertz (THz), 6G, IEEE 802.15.3d, THz applications, device technology, circuits,
antenna, transceiver architectures.

I. INTRODUCTION

W IRELESS communication has become an indispens-
able component of contemporary life, with each

generation of technological advancement opening the door
to a host of novel applications that transform our lifestyles.
With commercial 5G systems under deployment, the focus
of many wireless researchers has shifted towards developing
the sixth generation (6G) of wireless communication [1],
[2]. In this pursuit, the forthcoming wave of technological
advancement is poised to revolutionize wireless connectiv-
ity by offering unprecedented throughput and latency and
expanded capabilities such as sensing, tailored to meet the
stringent demands of applications of the next decade.

The necessity for 6G technology primarily stems from
the global increase in data generation and consumption [3]–
[5]. The amount of data traveling across the internet has

exponentially grown over the years, and this trend is expected
to continue. The International Telecommunication Union
(ITU) predicts that by 2030, global mobile traffic volume
will be 670 times higher than in 2010, with aggregate mobile
data traffic expected to exceed 5 ZB per month [6], [7]. This
is illustrated in Fig. 1. The traffic volume per mobile device
in 2030 is expected to increase by 50 times from 2010. This
surge is primarily attributed to the widespread proliferation
of IoT (Internet of Things) devices, ranging from simple
household gadgets to advanced industrial sensors, resulting
in a massive and ever-growing volume of data. Automa-
tion technologies such as digital twins and the adoption
of cloud-based machine learning and artificial intelligence
across various sectors have further accelerated this trend [8].
As society’s dependence on smart devices and connected
systems increases, the demand for a more robust and capable
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FIGURE 1. The ITU’s predicted exponential growth in mobile data traffic
through 2030 [6].

network infrastructure becomes imperative [9]. In response,
6G aims to deliver speeds, reliability, and latency improve-
ments that far surpass those of its predecessors, establishing
a critical foundation for the next era of digital connectivity
and innovation. The impressive wireless networks of today
are the product of decades of extensive optimization and
technology advancements. To deliver future 6G networks
which substantially exceed the capabilities of today’s 5G
networks, many have proposed turning to vast, untapped
swaths of spectrum at terahertz (THz) frequencies [10]–[21].

The THz band, which ranges from 0.1 to 10 THz [22]–
[24], occupies a distinctive spot in the electromagnetic (EM)
spectrum. Positioned between radio frequencies (RF) and
optical frequencies, this band displays characteristics of both
and offers exciting possibilities for new applications. The
THz band can support high-capacity wireless links due
to its vast bandwidth availability. Additionally, its short
wavelength allows for operating large-scale antenna arrays
in a small form factor, enabling improved beamforming,
increased coverage, and spatial multiplexing, which facili-
tates network densification. THz is also ideal for sensing
applications, with THz radars and imagers providing superior
range and lateral resolution compared to their low-frequency
counterparts [25], [26]. Moreover, THz imaging technologies
may offer safer, more accessible medical diagnostics than
traditional X-ray imaging [27]. These unique features also
enable future 6G technologies to combine communication
and sensing into a single system, revolutionizing everyday
interactions, transforming healthcare, and forging new mar-
kets. Table 1 outlines these envisioned applications of THz
communications in 6G.

The maximum data rate for a wireless channel with
bandwidth B and some signal-to-noise ratio (SNR) can be
calculated using the well-known Shannon channel capacity

R = B · log2(1 + SNR). (1)

While this expression does not strictly depend on carrier
frequency, bandwidth availability tends to increase at higher
carrier frequencies [28], [29]. Increasing bandwidth B then
facilitates higher data rates, assuming there is sufficient SNR
to meet bit-error-rate requirements. For instance, at 300 GHz,
the maximum data rate for a link with a 25 dB noise figure

FIGURE 2. The maximum data rate that can be achieved using the
Shannon channel capacity theorem plotted against the RF bandwidth for
different received powers, Pr, assuming a receiver noise figure of
25 dB [30]. The dashed line represents a typical scenario with 30 GHz RF
bandwidth, which can be realized by having 10% fractional bandwidth
with a 300 GHz carrier.

(representative number [30]) is plotted in Fig. 2 for various
received power levels. With a 10% fractional bandwidth (i.e.,
B = 30 GHz) and −40 dBm received power, a link can
support an astonishing 56 Gbps. Such massive bandwidths
also introduce the potential to multiplex an unprecedented
number of devices across time and frequency, with each
device enjoying substantial data rates.

A few THz bands in particular have garnered substantial
interest for their applications in wireless communication.
These bands include the D-band (110–170 GHz) [10]–
[12], the 300 GHz band (253–322 GHz) [13]–[18], and the
400 GHz band [19], [20]. Operating at these THz frequencies
presents unique challenges spanning various technical con-
siderations such as device technology, circuit design, antenna
design, packaging, channel modeling, signal processing, and
system design [7], [30]. These complexities associated with
realizing THz transceivers and deploying THz wireless sys-
tems has drawn considerable attention and investment from
both industrial and academic research laboratories. This has
led to several standardization efforts for THz bands [31],
[41], [60]–[62], with perhaps the most notable being IEEE
802.15.3d [62]. This standard ultimately seeks to enable
wireless communication over channels as wide as 69 GHz
within the 253–322 GHz frequency range [41]. Its primary
aim is to showcase the feasibility of THz frequencies for
communication. Additionally, it serves as a coordinated
effort toward developing effective and reliable connectivity
solutions at THz.

In this paper, we survey several key techniques and tech-
nologies for enabling wireless communication at carrier fre-
quencies beyond 200 GHz and focus in particular on current
specifications of the IEEE 802.15.3d standard. In this pursuit,
we conduct a comprehensive analysis of the latest develop-
ments, potential opportunities, challenges, and the current
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TABLE 1. Noteworthy Applications of THz Communication in 6G

Application Description
High-speed data transfer and
connectivity

• WLAN: Enhanced hotspots for high-speed wireless data transfer [22], [31]
• IoT: Large-scale connectivity with edge intelligence [32]
• Kiosk downloading: “Touch-and-go” transfer of massive files [33]
• High-speed trading applications for financial hubs [34]

Wireless backhaul • Cost-effective alternative to fiber for mm-Wave base stations [35]–[37]
• Facilitates computing and cloud-based services such as AI and digital twins at the network’s edge [38]

AR/VR and holographic pro-
jections

• Enables a high-capacity, low-latency link that can facilitate computational offloading from AR/VR headsets,
allowing them to reduce their form factor and battery consumption [39]

• Enables healthcare applications including remote surgery [40]

Data centers • Flexible, cost-effective alternative to Ethernet and fiber [41]
• Reduced latency compared to optical fiber [42]

Joint communication and sens-
ing (JCAS)

• Leverages existing communication infrastructure for wide area sensing while improving communication system
performance through dynamic adjustments [43]

• Applications in industrial automation, robotics, and AR/VR, and can enable real-time digital twins and
autonomous driving [44]

Secure communication • Inherent security features:

– Highly directional nature reduces eavesdropping risk [9]
– “Whisper radio” concept leverages high signal attenuation for localized, secure communication [45]

• Advanced modulation schemes enhance physical layer security:

– Space-time modulated phased arrays (Fig. 3 (a)): Parallel data streams are modulated spatially and
temporally, allowing deciphering by intended broadside receivers while corrupting signals for off-axis
eavesdroppers [46]

– Orbital Angular Momentum (OAM) (Fig. 3 (b)): Information is modulated on carrier signals with specific
angular momentum modes, ensuring only receivers with matching modes can decipher it [47], [48]

Satellite communication • Viable for ground-satellite links due to reduced atmospheric attenuation at higher altitudes [49]
• Outperforms optical links in inter-satellite communication with broader, more reliable beams [49]
• Lower power consumption and weight compared to laser-based systems [30], [50]

Autonomous Vehicles • Should meet the stringent vehicular communication requirements: ultra-high reliability (>99.9999%), ultra-
low latency (<1ms), and performance at high speeds (up to 1000 km/h) [8]

• Complements existing data transfer methods and enables interconnected sensor networks for seamless
communication, enhancing safety and efficiency in autonomous driving systems [51]

state-of-the-art in the 200–400 GHz range. Unlike other
existing surveys in this domain ( [1], [7], [22], [24], [52]–
[59]), this work offers a comprehensive and holistic overview
of THz systems, circuits, device technology, and antennas,
while also emphasizing recent experimental demonstrations
of 6G networks using THz frequencies (Table 2). We de-
scribe the unique challenges in these areas specific to THz
design, acknowledge the limitations of current technology,
and highlight promising approaches for practical solutions.
Furthermore, we provide an overview of notable demonstra-
tions of 6G systems operating at THz frequencies across the
globe and examine their architectural and implementation
considerations, a crucial step to hone in on capable, cost-
effective THz systems for future commercial 6G systems.

The rest of this paper is organized as follows. Section
II reviews the nature of wireless propagation channels at
THz frequencies. Section III describes the IEEE 802.15.3d
standard. Section IV surveys the state-of-the-art in semi-
conductor device technology. Circuit techniques and archi-
tectures suited for THz design are discussed in Section V.
Antenna design and packaging techniques are addressed in
Section VI. Section VII showcases notable THz demonstra-
tions worldwide. Section VIII highlights some of the open
research areas in realizing 6G systems using THz. Finally,
the paper is concluded in Section IX, summarizing the key
findings and insights of this survey. Table 3 summarizes key
acronyms used throughout this paper. Fig. 4 outlines the
organization of this survey.
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TABLE 2. Comparison of Surveys on THz Communication

Reference Year
Content

6G &
Applications

THz
Channel

Devices Circuits Antennas &
Packaging

Demos

Rappaport et al. [1] 2019 ✓ ✓ ✗ ✗ ✗ ✗

Tekbıyık et al. [52] 2019 ✓ ✓ ✓ ✗ ✓ ✗

Chen et al. [53] 2019 ✗ ✗ ✓ ✗ ✓ ✓

Chowdhury et al. [7] 2020 ✓ ✗ ✗ ✗ ✗ ✗

Elayan et al. [24] 2020 ✓ ✓ ✓ ✗ ✗ ✗

He et al. [54] 2020 ✗ ✗ ✗ ✗ ✓ ✗

Lemic et al. [55] 2021 ✓ ✓ ✗ ✗ ✗ ✗

Wang et al. [56] 2021 ✓ ✓ ✗ ✗ ✓ ✗

Akyildiz et al. [22] 2022 ✓ ✓ ✓ ✗ ✓ ✗

Han et al. [57] 2022 ✗ ✓ ✗ ✗ ✗ ✗

Serghiou et al. [58] 2022 ✓ ✓ ✗ ✗ ✗ ✗

Jiang et al. [59] 2024 ✓ ✓ ✓ ✗ ✓ ✓

This work 2025 ✓ ✓ ✓ ✓ ✓ ✓

(b)

(a)

FIGURE 3. (a) Application of a space-time modulated phased arrays in
transmitting data selectively towards the intended receiver, Bob, while
corrupting the data constellation and spectrum towards the
eavesdropper, Eve [46]. (b) A THz OAM transceiver can establish a
physically secure wireless link that is resistant to off-beam-axis
eavesdropping. Here, Bob, the intended receiver, operates in the same
mode as Alice and can receive the information. The eavesdropper, Eve, is
off-axis and cannot receive information [47].

II. WIRELESS CHANNEL CHARACTERISTICS
Wireless channels at THz bands exhibit behaviors markedly
distinct from other key frequencies, such as sub-6 GHz
bands and mm-Wave bands. This difference arises from
the unique interaction between EM waves and materials at
THz frequencies, whose dynamics are heavily dependent on
the wavelength relative to the physical dimensions of the
objects it interacts with. THz channels show high levels of
signal attenuation and display scattering properties notably
different from their lower-frequency counterparts, and they
exhibit strong absorption loss, susceptibility to blockage, and
shadowing [1], [2]. This results in a sparse channel with few

paths from the transmitter to the receiver, which can lead to
reliability concerns in certain applications and environments.

A. Path Loss
Similar to traditional wireless systems, the path loss in THz
systems primarily stems from free-space path loss (FSPL)
and atmospheric attenuation, each characterized by distinct
mechanisms as outlined below.

1) Free-Space Path Loss
FSPL occurs from the radial spread of EM waves as they
travel through free space. This is famously quantified by

L =

(
4πd

λ

)2

, (2)

where L represents the path loss, d signifies the distance the
wave has propagated, and λ is the wavelength of the EM
wave [42]. Note that the antenna gain can be embedded along
with FSPL. The FSPL with isotropic antennas at 3 GHz,
30 GHz, and 300 GHz are plotted with dashed lines in
Fig. 5(a). It can be observed that the path loss worsens at
higher frequency. As we shall see shortly, this trend reverses
when the physical aperture of the antenna is fixed.

2) Atmospheric Attenuation
THz frequencies experience higher atmospheric attenuation
than RF frequencies due to various effects. THz wave-
lengths are comparable in size to dust, rain, snow, and
other atmospheric particles, which leads to higher attenuation
[1]. Moreover, several absorption resonances exist at THz
frequencies, which occur when the frequency approaches the
energy required to excite vibrational modes in molecules.
The THz absorption spectrum is plotted in Fig. 6 for stan-
dard (blue) and dry (red) atmospheric moisture conditions.
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TABLE 3. List of Acronyms

5G Fifth generation of wireless communication

6G Sixth generation of wireless communication

BiCMOS Bipolar CMOS

BPSK Binary phase shift keying

CMOS Complementary metal-oxide-semiconductor

DS Directive scattering

EM Electromagnetic

FDSOI Fully depleted silicon on insulator

FSPL Free-space path loss

fmax Maximum oscillation frequency

fT Transit frequency

GaAs Gallium arsenide

HBT Heterojunction bipolar transistor

HEMT High-electron-mobility transistor

IC Integrated circuit

InP Indium phosphide

IoT Internet of things

ITU International telecommunication union

JCAS Joint communication and sensing

LNA Low-noise amplifier

LO Local oscillator

LDPC Low-density parity-check code

M -QAM M -ary Quadrature amplitude modulation

MIMO Multiple input multiple output

OAM Orbital angular momentum

OOK On-off keying

OTA Over-the-air

PA Power amplifier

PCB Printed circuit board

QPSK Quadrature phase shift keying

RIS Reconfigurable intelligent surface

SiGe Silicon-germanium

SNR Signal-to-noise ratio

THz Terahertz

THz-OOK PHY Terahertz on-off keying physical layer

THz-SC PHY Terahertz single carrier physical layer

WLAN Wireless local area network

Sharp absorption peaks are observed at 183 GHz, 325 GHz,
380 GHz, and 450 GHz, which arise due to rotational and
vibrational excitation states in gas molecules [63]. While
these bands have some applications in short-range secure
communication schemes such as “whisper radio” [45], and
in applications such as hydration sensing and spectroscopy
[64], [65], they should generally be avoided for long-distance
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communication. Note that some frequency bands, such as the
D-band (110-170 GHz), 300 GHz, and 400 GHz bands, do
not have significant absorption peaks. As a result, these fre-
quencies are optimal candidates for 6G networks using THz.
At 300 GHz, for instance, the atmospheric attenuation is as
low as 10 dB per km, a tolerable level for communication
links [1], [63].

B. Scattering
The scattering behavior of an EM wave with a material
depends on the roughness of the scatterer with respect to the
wavelength [45]. In quantifying this, the Rayleigh criterion
can be used to determine the smoothness or roughness of a
surface [66]. It defines a critical height of a surface, h, which
depends on the wavelength and the angle of incidence, θi.
The critical height is given by

h =
λ

8 cos θi
. (3)

VOLUME , 5



Thomas et al.: A Survey on Advancements in THz Technology for 6G

Path loss increasing 
with frequency

(a)

Path loss decreasing 
with frequency

(b)

FIGURE 5. Inverse path loss, (1/L), versus distance for different
frequencies. Note that the antenna gain is embedded with the loss. (a) The
dashed line represents the loss with an isotropic antenna. The path loss
increases with frequency for a given distance. (b) The solid line
represents the loss with a directive antenna (having a fixed physical
aperture for all three frequencies). In this case, the path loss decreases
with frequency for a given distance.
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FIGURE 6. Atmospheric attenuation versus frequency in standard (blue)
and dry (red) conditions [63]. Strong absorption bands can be observed
at 183 GHz, 325 GHz, 380 GHz, and 450 GHz.

The surface is considered smooth for a given frequency
with wavelength λ if the minimum to the maximum surface
protuberance, h0, is smaller than h. At RF frequencies,
most surfaces are smooth and follow reflection-like specular
behavior, in which case, the reflection process has a strong
dominant specular path, where the incident angle equals the
reflected angle. There is also little absorption. This results
in a rich multi-path channel that can be studied with several
models. At optical frequencies, the scattering is diffuse, with
multiple signal paths across different directions (Fig. 7).

The channel behavior is much different at THz. Here,
the surface roughness of many everyday objects becomes
comparable to the wavelength, and hence, scattering shows
both diffuse and specular behavior (Fig. 7) [1]. This results
in many scattered waves in addition to the primary reflected
specular component, resulting in multiple signal paths spread
across different directions. This is studied using the direc-
tive scattering (DS) model in [67], which shows that the
scattered power is higher at higher frequencies relative to
the specularly reflected power. Interestingly, the strongest
scattering happens when the wave hits the surface straight on.
However, when the wave grazes the surface, the scattering

FIGURE 7. Surface scattering exhibiting specular behavior for
microwaves, diffuse behavior for visible and infrared frequencies, and a
combination of both for THz frequencies [1]

sharply decreases, and most of the wave’s energy is instead
reflected [67].

C. Antenna Considerations
In order to compensate for the increased path loss and
attenuation at THz frequencies, highly directive antennas
are often required and this naturally results in a commu-
nication link which is highly directional. This contrasts with
lower frequencies, where conventional cellular antennas can
broadcast over a wide coverage angle [29], [68]. This stark
difference in the directionality of transmission introduces
noteworthy challenges at high carrier frequencies, as already
observed in mm-Wave 5G.

A large-scale phased array is perhaps the ideal way to
realize high directivity. A linear N -element half-wavelength
antenna array offers an increase in directivity, which scales
in dB as 10 log10(N) [69], by forming highly directive
beams. The ability of phased arrays to electronically steer
their beams (as opposed to mechanically) makes them pre-
ferred in most 6G use cases in order to overcome blockage
that may arise and to serve many users. Using a multi-
antenna architecture also makes it possible to perform MIMO
techniques such as spatial multiplexing, potentially across
users, to increase data rates [70], [71]. It should be noted
that beamforming should ideally be realized using true-
time delays rather than phase shifters to avoid beam squint,
which can become prominent in THz communication, where
channels may consume a large fractional bandwidth [72].
MEMS-based mechanical steering is also being actively
investigated as another possible solution [73], though this
would likely be most useful for point-to-point links where
channel variations are slow.

High directivity can also be realized using passive struc-
tures such as a lens antenna or a parabolic reflector [74].
This approach becomes advantageous at THz frequencies
since higher frequencies result in greater antenna directivity,
given a specific aperture area [69]. For an antenna with an
aperture area of Ae, the antenna gain, Ga, is given by

Ga =
4πAe

λ2
. (4)

This equation suggests that Ae increases with frequency for
a given aperture. Using such an antenna at the transmitter
and receiver, the overall channel loss, L, is given by (5) after
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embedding the antenna gain.

L =

(
λd

Ae

)2

(5)

It can be observed that the channel loss now decreases with
an increase in frequency. This is plotted in Fig. 5(b) using
the solid lines for an Ae of 2 cm2. THz link budgets can thus
outperform RF link budgets, in theory, for a given antenna
aperture at the transmitter and receiver.

When employing an antenna whose aperture is large
relative to the wavelength, it is essential to begin considering
the far-field distance [69]. The minimum distance to the far-
field region, dfar, for an antenna with a maximum dimension
of D and wavelength of λ is given by

dfar =
2D2

λ
. (6)

Due to the small wavelengths, the far-field distance can
become quite substantial at THz frequencies, even for modest
apertures. For instance, employing a 10 cm antenna array can
result in a far-field distance of 20 m at 300 GHz. This sizable
distance indicates that a receiver may likely operate in the
near-field, necessitating a redesign of conventional beam-
steering algorithms [9]. For example, [75] proposes perform-
ing wavefront engineering for link maintenance, where so-
called “airy” beams are created to curve around potential
blockages in the near-field.

It is worth noting that while highly directional beams may
indeed be formed at THz using the aforementioned methods,
a key challenge remains in efficiently closing and reliably
maintaining the link between two devices [76]. The overhead
of traditional mmWave beam sweeping approaches to close
the link may be unsuitable at THz, as beams are even more
narrow and path loss is even more severe. This necessitates
new mechanisms and procedures for beam management in
order to ensure that communication between two devices can
be established and maintained.

Beam management, encompassing initial access and beam
tracking, is crucial for robust mmWave and THz commu-
nications, especially in mobile scenarios [77]. The narrow
beams at higher frequencies exacerbate link establishment
challenges and lead to significant beam measurement over-
head, impacting beam acquisition and tracking. Channel fluc-
tuations, user mobility, and environmental changes further
complicate these issues. Emerging technologies like artificial
intelligence and reconfigurable surfaces are being explored
to address beam management challenges in mmWave and
THz communications [77]–[80].

III. THE IEEE 802.15.3d STANDARD
The IEEE 802.15 Terahertz Interest Group was established
in 2008 to explore wireless communication within 0.3 to 3
THz. In 2017, the IEEE 802.15.3d standard (the 300 GHz
band) was approved, serving as an initial step towards THz
communication [62]. This standard outlines a PHY layer of
100 Gbps, with the option to revert to lower rates. It supports

FIGURE 8. Channel plan for the IEEE 802.15.3d standard [41]. There are
69 overlapping channels between 252.72 GHz and 321.84 GHz, which
support 8 channel bandwidths from 2.16 GHz up to 69 GHz.

wireless communications over channels as wide as 69 GHz
within 253–322 GHz. The primary goal of this standard is
to demonstrate the practicality of using THz frequencies for
communication. Note that the envisioned applications are
restricted primarily to point-to-point links between static or
quasi-static devices, to remain within the realm of what is
possible with current semiconductor technology. However,
this may change in the future as device technology matures.
A detailed description of this standard can be found in [41].

As illustrated in Fig. 8, the IEEE 802.15.3d standard
covers frequencies between 252.72 GHz and 321.84 GHz,
with 69 overlapping channels. These channels offer eight
supported bandwidth options, ranging from 2.16 GHz to
69.12 GHz, each bandwidth being an integer multiple of
2.16 GHz. Channel number 41 is used by default, with a
bandwidth of 4.32 GHz. Summarized next, the PHY layer
in the IEEE 802.15.3d standard has two modes: THz single-
carrier mode (THz-SC PHY) and THz on-off keying mode
(THz-OOK PHY).

A. THz-SC PHY: Single-Carrier Mode
THz-SC PHY aims to achieve high data rates and caters
to bandwidth-oriented use cases such as wireless fron-
thaul/backhaul and data center links. This mode offers a
range of six different modulations, including four variations
of phase-shift keying: binary (BPSK), quadrature (QPSK),
8-phase (8-PSK), and 8-phase asymmetric (8-APSK). In
addition, quadrature amplitude modulation (QAM) is avail-
able as 16-QAM and 64-QAM. While BPSK and QPSK
modulations are mandated for the THz-SC mode, support
for other modulations are optional. This mode employs one
of two low-density parity check (LDPC) codes for forward
error correction: a high-rate 14/15 LDPC (1440, 1344) or a
low-rate 11/15 LDPC (1440, 1056).

VOLUME , 7
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B. THz-OOK PHY: On-Off Keying Mode
THz-OOK PHY mode is designed to cater to low-complexity
THz devices by using low-cost, relatively simple amplitude
modulation schemes. Despite this limitation, it can still attain
impressive data rates of up to tens of gigabits per second
when utilizing the widest channels available. In terms of cod-
ing, three different error correction schemes are supported,
including the mandatory (240, 224)-Reed Solomon code for
simple hard decoding. Additionally, the two LDPC-based
schemes described in the previous subsection can also be
used with THz-OOK operation for soft decoding.

C. Bridging Standards and Hardware: The Path Forward
The IEEE 802.15.3d standard marks a significant milestone
in THz communication, outlining the framework to achieve
high-speed wireless links in the 300 GHz band. However,
translating this standard into practical, commercially viable
systems presents challenges that span multiple domains. Sev-
eral critical areas require focused research and development:

1) Device Technology: Transistors capable of efficient
operation at THz frequencies while remaining cost-
effective are crucial.

2) Circuit Architectures: Innovative circuit designs are
needed to overcome device limitations and optimize
performance within the constraints of available tech-
nologies.

3) Packaging and Antennas: The short wavelengths at THz
frequencies necessitate novel approaches to packaging
and antenna design. These components must not only
meet performance requirements but also remain eco-
nomically viable for mass production.

Bringing together devices, circuits, and antennas into co-
hesive, reliable systems that meet the standard’s specifica-
tions is a complex task requiring interdisciplinary expertise.
Generating signals in an energy-efficient manner at the fre-
quencies specified by the standard is challenging. Moreover,
the standard requires broadband operation, which is difficult
due to imperfections in devices, circuits, packaging, and an-
tennas. Additionally, implementing higher-order modulation
schemes, such as 16-QAM and 64-QAM, for THz-SC mode,
places stringent demands on the noise and non-linearity
performance of the hardware. The following sections will
delve into these critical areas while highlighting both the
progress made and the challenges that lie ahead in bridging
the gap between the IEEE 802.15.3d standard (and future
standards) and commercially viable THz communication
systems.

IV. DEVICE TECHNOLOGY
This section compares key semiconductor technologies suit-
able for designing circuits in the IEEE 802.15.3d band.
“Technology” or a “process” in this context refers to a
specific semiconductor manufacturing process and its feature
size. Examples of this include silicon CMOS (complemen-
tary metal-oxide-semiconductor), SiGe BiCMOS (Silicon-

TABLE 4. Comparison of Various Device Technologies

Device
Technology

Silicon
CMOS

SiGe
BiCMOS

III-V
Semiconductors

Active Devices FET HBT HBT, HEMT

Peak f max (GHz) ∼ 370
(at 22nm)

∼ 720 > 1000

PA Output Power Low Moderate High

Monolithic Digital
Integration

Excellent Moderate
(Slow Digital)

Not Possible

Cost Low Moderate High

Germanium Bipolar CMOS), and III-V technologies like
InP (Indium Phosphide) and GaAs (Gallium Arsenide) [81].
Table 4 provides an overview of this comparison.

A. Metrics for Performance Characterization
A key challenge in THz circuit design stems from the limi-
tations in transistor performance [82]. At these frequencies,
transistor performance degrades to the point where it can no
longer provide amplification. Furthermore, the interconnects
that allow for electrical connections to the transistor add
significant parasitic resistance, capacitance, and inductance,
further hindering overall performance. Transistors also ex-
hibit non-quasistatic behavior at THz frequencies, making
their modeling complicated.

A technology-agnostic metric commonly used to charac-
terize the transistor performance at high frequencies is the
maximum oscillation frequency, fmax. For any 2-port device
(such as a transistor), fmax is the frequency at which the
maximum available power gain (or the unilateral power gain)
drops to zero [42]. In other words, amplifiers and oscillators
cannot be built beyond the fmax of a technology.

In general, circuit design becomes challenging beyond
fmax/2. Amplifiers operating at these frequencies require
several stages to attain even modest levels of amplification.
Consequently, power amplifiers at these frequencies have
low saturated output power and low power-added efficiency,
and low-noise amplifiers have high noise figures, both of
which are detrimental to transceiver performance. A higher
fmax almost always implies a better communication link
for the same DC power, enabling more energy-efficient
communication. It should be noted that, while amplification
is not possible beyond fmax, generating signals using non-
linear circuit design techniques is possible. However, these
techniques usually have low efficiencies (<0.5%) [83]. This
will be discussed later in Section VI.

The transit frequency, fT, is another metric for high-
frequency technology characterization. It is the frequency at
which the current gain of a transistor, with source and drain
shorted, drops to unity. While the relative importance of the
two parameters is debated, fmax is often seen as a better
metric for high-frequency characterization. This is because
fT does not account for important non-idealities such as
the gate resistance, which degrades high-frequency device
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FIGURE 9. (a) Illustration of CMOS scaling, with asymptotic development
following Moore’s law. While the transistor count has remained increasing
over the years, fmax peaked at 22nm [85]. (b) First demonstration of a
1 THz amplifier using InP [86]. (c) Example demonstrating “best junction
for the function” through heterogeneous integration [87].

performance [84]. For this reason, we will emphasize fmax

as a standard for comparing technologies throughout this
survey.

B. Silicon CMOS Technology
Silicon CMOS is the most popular choice when designing
integrated circuits. This is mainly due to its low cost and
high digital integration capabilities, enabling systems-on-
chip (SoCs) with enhanced sensing and computing capa-
bilities. A CMOS technology node is characterized by its
feature size, which roughly describes the smallest dimension
of the transistor gate length. For example, a 65nm CMOS
node offers CMOS transistors with a minimum gate length
of 65nm. Note that this naming convention is not strictly
followed in recent technology nodes.

CMOS technology has rapidly scaled to lower dimensions
for the past several decades, famously following Moore’s
law, resulting in an exponential growth in computing capabil-
ities. However, since this scaling has been driven by a desire
to enhance digital CMOS performance, it has not necessarily
translated to enhanced RF performance [85]. This behavior is
illustrated in Fig. 9(a), where different transistor performance
metrics are plotted for various technology nodes. Notice
that the transistor count has increased exponentially and is
accompanied by a reduction in digital block energy, pushing
Moore’s law forward. However, fmax reached its peak at
22nm, with an fmax of 370 GHz [88]. While fmax generally
increases with channel length reduction due to shorter transit
times and lower intrinsic capacitances, further scaling below
22nm introduces significant resistive losses in interconnects,
leading to a decline in fmax. This trend is concerning
for THz circuit designers since they can no longer rely
on technology scaling to push to higher frequencies. This
demands new circuit design techniques or switching to a
non-CMOS platform.

C. SiGe BiCMOS Technology
The SiGe BiCMOS process is another popular choice for
THz circuit design, as it provides high-performance HBTs
(heterojunction bipolar transistors). These processes often
utilize the same platform as a CMOS node, thereby inher-
iting the benefits associated with digital CMOS technology.
Cutting-edge SiGe processes have achieved an fmax reaching
up to 720 GHz [89]. However, it is essential to acknowledge
that the CMOS transistors integrated within these nodes are
typically from earlier generations. This makes it difficult to
integrate complex digital processing into the same chip. For
instance, the most advanced BiCMOS process currently of-
fers CMOS transistors with a 45nm feature size, a technology
that is over a decade old [90].

D. III-V Technologies
III-V semiconductors, such as gallium arsenide (GaAs) and
indium phosphide (InP), present numerous benefits over con-
ventional silicon-based technologies. These advantages stem
from higher electron mobility, higher breakdown voltages,
and improved high-temperature performance. In particular,
InP HBTs and HEMTs (high-electron-mobility transistors)
are among the most favored III-V technologies for THz
circuit design, capable of reaching an fmax beyond 1 THz
[91], [92]. For example, Northrop Grumman has showcased a
1 THz amplifier in InP, as detailed in [86] (Fig. 9(b)). Despite
these advantages, III-V technologies have not been as widely
adopted as CMOS and SiGe due to their higher costs, lack
of digital integration capabilities, and smaller available wafer
sizes [82]. However, with the advent of 6G and the push to
higher carrier frequencies, III-V semiconductor technology
could significantly grow in demand and maturity, addressing
some of these challenges.

E. Future Prospects
Significant research efforts are underway to enhance device
performance, highlighted by initiatives like DARPA’s T-
MUSIC program in North America [93] and the TARANTO
project in Europe [94]. For circuit design in the THz band,
adopting a “best junction for the function” strategy is often
recommended (Fig. 9(c)) [87]. This strategy integrates ad-
vanced III-V technologies for the RF front-end with CMOS
technology for digital components. Achieving this integra-
tion depends on advancements in packaging techniques and
heterogeneous integration [95], [96].

Resonant tunneling diodes [97], traveling wave tubes
[98], and photonic techniques like quantum cascade lasers
[99] have also been explored for generating THz signals.
These advanced technologies offer promising avenues for
THz applications but face high costs, complex fabrication
processes, and integration and scalability issues [81]. Despite
these challenges, ongoing research aims to improve their
accessibility and compatibility with existing semiconductor
processes, potentially paving the way for their increased role
in future THz systems.
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FIGURE 10. Transmitter architectures suitable at THz frequencies:
(a) PA-last transmitter (b) Mixer-last transmitter (c) Multiplier-last
transmitter

V. CIRCUIT DESIGN
Circuit design techniques at THz frequencies differ no-
tably from those used for RF and mmWave frequencies.
This is primarily because of the degradation in transistor
performance due to the limited fmax [100]. Additionally,
passive devices such as capacitors and inductors suffer from
a high loss at these frequencies due to the skin effect, self-
resonance, and substrate coupling. Due to these limitations,
designing amplifiers, local oscillators (LOs), and frequency
synthesizers at THz frequencies has proven difficult.

Harmonic techniques play a significant role in circuit
design at these frequencies. Any non-linear system generates
higher-order harmonic products when driven by a large-
signal input. Conventionally, these harmonic products are
undesired and need to be removed. However, these harmon-
ics can prove useful at THz circuit design to generate signals
beyond fmax. The greater the non-linearity, the stronger
the higher-order harmonics, resulting in greater THz signal
efficiency.

Consider a non-linear device, such as a transistor, driven
by an RF source. Strong harmonic products are generated if
the source power is large enough to drive this device into
non-linear operation. When an NMOS transistor is driven
by a voltage Vin at frequency f0, the drain current I can be
expressed as

I = I0 + gm1Vin + gm2V
2
in + gm3V

3
in + · · · , (7)

where I0 represents the DC, while gm1Vin represents the
output current at f0 [101]. The output current includes
higher-order terms generated due to transistor non-linearity,
which are represented by gm2V

2
in and gm3V

3
in. These terms

contain harmonic signals at 2f0 and 3f0, respectively. These
higher-order harmonic terms can be extracted and used to
design THz signal sources. Note that while non-linearity can
be used to design signal sources and synthesizers beyond
fmax, it still cannot achieve amplification.

Extensive research is underway within the circuit design
community to improve the performance of transmitters, re-
ceivers, and local oscillators for THz operation. This section
overviews various transmitter and receiver architectures for
THz circuit design. Understanding trade-offs within various
architectures is crucial in choosing the correct modulation
schemes to maximize data rates and spectral efficiency.

A. Transmitter Architectures
We now highlight various transmitter architectures that are
feasible at THz frequencies, as shown in Fig. 10.

1) PA-Last Architecture
Fig. 10(a) shows the conventional transmitter architecture
which is used at RF frequencies, where a PA is followed by
an antenna. This architecture can support both amplitude and
phase modulation schemes by incorporating a linear power
amplifier as its final stage, enabling higher-order modulation
schemes like M -QAM. However, due to the aforementioned
fmax limitations of PAs, several amplification stages are
needed to achieve sufficient amplification at THz frequen-
cies. This impacts power consumption, amplifier stability,
and efficiency [17]. For instance, [102] demonstrates a
290 GHz power amplifier in a 130nm BiCMOS process with
a saturated output power of 7.5 dBm and a power added effi-
ciency of just 0.39%. (Power added efficiency is the ratio of
the difference of the output and input signal power to the DC
power consumed.) Because of this, PA-last techniques are
usually avoided while designing in CMOS/SiGe platforms,
which have a lower fmax. However, this architecture remains
popular in InP transmitters [103], which have a relatively
high fmax.

2) Mixer-Last Architecture
This architecture does not use a power amplifier at all,
and instead, the final stage features a mixer, as seen in
Fig. 10(b). A mixer behaves linearly for the input baseband
signal but has non-linear behavior with the LO [16] and
thus performs upconversion. Conventionally, the baseband
signal is upconverted to the LO frequency. However, an
N -th harmonic mixer can be designed, which upconverts
the baseband signal to the N -th harmonic of the LO. This
approach is capable of operating at frequencies beyond fmax

and has been utilized in [14] and [13] with the second and
third harmonics of the LO, respectively. This topology can
support M -QAM modulation as the mixer behaves linearly
and maintains the amplitude and phase information of the
input baseband signal. However, mixers typically provide
low-output saturated power, which affects the link budget and
can thus limit the modulation order and viable link distance.

3) Multiplier-Last Architecture
Shown in Fig. 10(c), this architecture utilizes a frequency
multiplier as the final stage. A frequency multiplier is a
circuit designed to maximize non-linearity to achieve high
output power at a particular harmonic of the input. Frequency
multipliers typically can achieve higher output power than
a mixer and have seen some success in THz transceiver
design [19], [20], [104]. However, this technique has a few
noteworthy challenges.

Firstly, amplitude distortion can occur due to the inher-
ently non-linear nature of frequency multiplication. This
makes it difficult to support higher-order amplitude mod-
ulation schemes (i.e., modulation involving more than two
amplitude levels). Secondly, phase distortion can also occur
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FIGURE 11. Constellation diagrams and spectrum for an 8PSK signal
pre-and post-tripling [20]. Constellation points change their position
post-tripling. However, they do not fall over each other and cause signal
corruption. In the frequency domain, bandwidth expansion takes place
post-tripling.
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FIGURE 12. Receiver architectures suitable at THz frequencies:
(a) LNA-first receiver (b) Mixer-first receiver (c) Power detector based
receiver

during frequency multiplication, causing constellation points
to rotate. For instance, an 8PSK signal upon doubling
would result in constellation points corrupting each other
as different input symbols get mapped to the same symbol
after doubling. However, 8PSK can be preserved by tripling.
This is illustrated in Fig. 11 [20]. Although the constellation
points change their position post-tripling, they do not cause
signal corruption. Thus, only certain modulation schemes
can be supported with specific multiplication indices in a
multiplier-last transmitter [104]. Lastly, bandwidth expansion
is a concern due to the non-linear frequency translation in a
frequency multiplier (Fig. 11). This can cause the bandwidth
occupied by the input baseband signal to expand by N times
when passed through a multiply-by-N circuit [20].

It should be noted that the multiplier-last architectures can
support 2-level amplitude modulation (such as OOK) without
any of the problems mentioned above. This is utilized in [19]
to create an efficient THz link at 400 GHz, for instance.

B. Receiver Architectures
At THz frequencies, there exist three commonly used re-
ceiver architectures: the low-noise amplifier (LNA)-first ar-
chitecture (Fig. 12(a)) [103], the mixer-first architecture
(Fig. 12(b)) [14]–[16], and the power-detector-based archi-
tecture (Fig. 12(c)) [105]. Both LNA-first and mixer-first

architectures share similar trade-offs with PA-last and mixer-
last architectures. As they are linear, these architectures can
accommodate M -QAM modulation schemes. Conversely,
the power-detector-based architecture offers a straightfor-
ward method for amplitude demodulation while consuming
low DC power. Additionally, it can be utilized for phase
demodulation by applying a Kramers-Kronig processing
technique, as exemplified in [106]. In terms of noise figure,
LNA-first architectures offer the lowest, followed by mixer-
first architectures. Power-detector-based approaches typically
have high noise figures (often exceeding 30 dB) as the
conversion gain depends on input received power.

C. Summarizing Remarks
There is no clear conclusion yet on the optimal architecture
for THz transceivers. This research remains active, and
architectural choices can change with the advent of new tech-
niques, such as heterogeneous integration. However, some
initial conclusions can be drawn based on the discussions
above.

• If a technology node with a high fmax is used for
transceiver design (such as III-V), then a PA-last and
LNA-first transceiver, with M -QAM modulation is
ideal.

• If such a technology is not available and one is con-
strained to use a more inferior technology (such as
CMOS, SiGe):
– For high data-rate, short-range links: M -QAM mod-

ulation with mixer-last transmitter and mixer-first
reciever is optimal. While this can support high
data rates, the communication link distance may be
limited due to low saturated output power and high
noise figure.

– For moderate to low data-rate, medium-to-long range
links: On the transmitter side, a multiplier-last ap-
proach is optimal, as it can support high output
power. On the receiver end, a mixer-first architec-
ture may be optimal due to its lower noise figure
compared to the detector-first approach

VI. ANTENNAS AND PACKAGING
A 300 GHz signal has a wavelength of 1 mm in free space.
This enables the design of large antenna arrays within a
small area. Moreover, it is important to note that wavelength
decreases in a dielectric medium. For example, in silicon
dioxide—a widely used dielectric in technologies like silicon
CMOS and SiGe BiCMOS—the wavelength of a 300 GHz
signal is reduced to just 0.5 mm due to a dielectric constant
of 3.9 [111]. This reduction enables the design of a large
antenna array within an integrated circuit (IC). For instance,
a 144-element on-chip array is demonstrated at 670 GHz
in [112].

Efficient antennas and their interfacing methods are crucial
for every wireless communication system. In a traditional RF
signal chain, the LNA and PA interface with the antenna.

VOLUME , 11



Thomas et al.: A Survey on Advancements in THz Technology for 6G

(a) (b) (c)

(e)(d) (f)

Bondwire

t r

Chip
Substrate -300 μm  

PCB 
Material - Rogers 4003C  

Thickness - 400 μm Undoped silicon 
Thickness - 1 mm  

Silicon Lens 
Radius (r) - 6mm 

Extension (t) - 0.7 mm 

FIGURE 13. (a) An on-chip bowtie antenna implemented in a 130nm SiGe BiCMOS platform [107]. (b) Adding a quartz superstrate to increase the
directivity and gain of top-side radiation [108]. (c) Silicon lens packaged to a silicon die [19]. (d) Photographs of the PCB with Vivaldi antennas used for
a 300 GHz phased-array [16]. (e) CMOS chip to a waveguide transition built on a multilayered glass epoxy PCB [109]. (f) Four CMOS chips (each
measuring 2 mm × 2 m) consisting of a programmable two-dimensional array of 12 × 12 meta-elements [110].

Inefficiencies in the antenna or its interfacing can lead to
increased noise figure in the LNA and decreased efficiency
and output power in the PA, highlighting the importance
of developing high-efficiency antennas and employing low-
loss packaging techniques for interfacing [113]. Besides
this, packages also need to provide mechanical support and
protection from external conditions and facilitate thermal
dissipation while providing easy interfacing with DC biases
and I/O control signals.

This section explores the latest advancements in antenna
design and packaging approaches at THz frequencies. While
our primary emphasis is silicon ICs, the techniques and
principles discussed apply to a broad spectrum of other
semiconductor technologies.

A. Integrated On-Chip Antennas
Given the reduced wavelength in silicon, it is feasible to
integrate antennas directly within integrated circuits (ICs typ-
ically have a size of a few millimeters). These antennas are
often designed in thick top metal layers to mitigate conduc-
tive losses. A variety of antenna designs—including dipole,
slot, ring, cavity, leaky-wave, and patch antennas—have been
successfully implemented on-chip [108], [114]–[116]. For
example, Fig. 13(a) demonstrates an on-chip bowtie antenna
implemented in a 130nm SiGe BiCMOS platform [107].
These antennas can be designed to radiate from the top or
back sides of the IC, leading to different design strategies,
which are discussed below.

1) Top-Side Radiation
Antennas that radiate from the top typically exhibit lower
efficiencies. This is because of the significant mismatch in
intrinsic impedances between the antenna medium (silicon
dioxide) and air [111]. An effective strategy to enhance ra-
diation efficiency involves the addition of a quartz superstrate
atop the antenna, a technique that has demonstrated improved
radiation efficiency [108], as shown in Fig. 13(b). While this
method does necessitate some post-fabrication processing,
the associated costs are relatively low.

2) Back-Side Radiation
Radiation from the back side generally achieves higher
efficiency compared to top-side radiation. This improvement
is due to the high dielectric constant of the silicon substrate
beneath the silicon dioxide layer, which lowers intrinsic
impedance. However, back-radiation faces challenges, as
unwanted surface waves can get generated within the silicon
substrate. To address this, a hyper-hemispherical silicon
lens can be added, which can significantly boost efficiency
and directivity [19], [111], [117]. This is demonstrated in
Fig. 13(c). Yet, adopting silicon lenses has drawbacks: they
are costly and require precise alignment. When utilized with
an array, lenses typically suffer from poor performance due
to off-axis effects, where the phase center of individual
antenna elements does not align with the lens’s phase center
[118].
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Recent advancements have seen the use of 3D-printed
Teflon lenses, which offer enhanced directivity owing to
the design flexibility afforded by 3D printing in creating
optimal lens shapes [119]. Additionally, the exploration of
metasurface-based planar lenses represents a growing field
of study [120].

B. Antenna on PCB
Antennas can be integrated onto printed circuit boards
(PCBs), offering a cost-effective and flexible solution [16],
[121]. Fig. 13(d) demonstrates a Vivaldi antenna array at
300 GHz, implemented by stacking PCBs over one another.
However, this approach has notable drawbacks. First, con-
necting the chip to the PCB requires either bond wires or flip-
chip packaging using copper bumps. Both methods can ad-
versely affect impedance matching and increase signal loss.
Second, the material typically used in PCBs exhibits high
loss at THz frequencies, potentially lowering antenna effi-
ciency. Additionally, the manufacturing resolution available
at most PCB facilities may not meet the precise requirements
for designing antennas at these high frequencies, particularly
for those with sub-millimeter dimensions.

C. Micro-Machined Waveguide Antennas
Waveguide antennas are known for their exceptional per-
formance at THz frequencies. However, interfacing these
antennas with ICs presents technical challenges. Typically,
bond wires or copper bumps are used to deliver the THz
signal to an EM coupler, which then excites the waveg-
uide antenna. This is demonstrated in Fig. 13(e). However,
achieving consistent impedance matching proves complex in
this approach [109], [122]. An alternative strategy involves
embedding the EM coupler directly within the IC, enabling
it to directly generate the required EM mode for the an-
tenna [114], [115]. Despite the high quality of antennas and
interfaces this method yields, it is expensive due to the high
costs involved in micro-machining at such fine dimensions.

D. Other Techniques
Dielectric waveguides (DWG) have attracted attention re-
cently, where a low-loss polymeric medium is used to guide
electromagnetic waves at THz frequencies. DWGs exhibit
low loss and can hence potentially replace fiber in medium-
range links [123], [124]. However, it is important to note that
DWGs are not strictly a wireless technology since it requires
a dielectric channel to guide the EM wave.

Another area of significant interest is the development of
reconfigurable intelligent surfaces (RIS). Designing these ad-
vanced structures to operate at THz frequencies presents sub-
stantial challenges, primarily because conventional switches
fail to function at these high frequencies, complicating re-
configurability. Despite this, there have been demonstrations
of THz RIS structures such as metasurfaces for holographic
projections [110] (Fig. 13(f)) and reflectarrays using 1-bit
phase shifters for high-resolution radar [125].

VII. THZ TRANSCEIVER DEMONSTRATIONS
The focus on THz frequencies has been driven by their
largely untapped potential, evidenced by practical applica-
tions such as the use of frequencies around 120 GHz for
data transmission during the Beijing Olympics [126] and
the Air Force Research Laboratory’s (AFRL) experiments
on propagation loss between aircraft using frequencies in
the 300 GHz band [127]. These applications, among others,
underscore the significant interest and ongoing efforts within
the field to overcome the inherent challenges of operating
at such high frequencies. This section delves into a few
prototype transceivers above 200 GHz developed by both
academia and industry. We highlight some notable demos
that have successfully demonstrated a complete over-the-
air (OTA) wireless link, encompassing both transmitter and
receiver components, capable of achieving multi-Gbps trans-
mission rates.

A. Hiroshima University and NTT
Hiroshima University and Nippon Telegraph and Telephone
(NTT) have showcased a series of transceivers within the
300 GHz band, using a 40nm CMOS technology platform
[13]–[15]. Notably, [14] presents a complete transceiver
capable of sustaining a 3 cm OTA link with a data rate of
80 Gbps while achieving an energy efficiency of 22.3 pJ/bit.
This transceiver supports advanced modulation schemes,
including QPSK, 16QAM, and 64QAM. Note that this pro-
totype does not include a packaged antenna and interfacing.
Instead, the OTA link was tested by interfacing the chip with
external waveguide horn antennas via waveguide probes.

Further advancements by the same group are detailed
in [15], where the authors demonstrate a receiver module
that incorporates packaging. In this development, the 40nm
CMOS chip is flip-chip bonded onto a PCB and interfaces
with waveguide antennas (Fig. 13(e)). This packaged receiver
module can achieve 76 Gbps using 16QAM modulation over
a 6 cm distance and 4.32 Gbps with QPSK modulation over
a 1 meter OTA distance.

B. BiCMOS Transceiver from University of Wuppertal
The study referenced as [18] showcases a BiCMOS
transceiver operating at 230 GHz. The transceiver is
equipped with on-chip ring antennas and a silicon lens
for optimal radiation, while heat-sinking techniques are
implemented to regulate thermal performance (Fig. 14(a)).
Notably, this transceiver can attain a data transmission rate
of 100 Gbps using 16QAM modulation over a 1-meter link
while maintaining an energy efficiency of 14 pJ/bit.

C. Beam-Steerable Phased Array from TokyoTech
TokyoTech has successfully showcased beam steering within
the 300 GHz band (from 242-280 GHz), utilizing a 65nm
CMOS technology platform [16]. The prototype features a
CMOS transceiver paired with PCB-based Vivaldi antennas
and can support QPSK and 16QAM modulation schemes
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FIGURE 14. (a) 230 GHz BiCMOS transceiver from the University of Wuppertal. The silicon lens and heat-sinking can be observed here [18]. (b) 300 GHz
phased array transmitter, with on-chip Vivaldi antenna array IC from TokyoTech [17]. (c) InP power amplifier chip from NTT and TokyoTech with a
ridge-coupler and waveguide packaging [103] (d) 300 GHz InP transceiver achieving a 9.8m OTA link [103] (e) A 2 km point-to-point link at the Air Force
Research Laboratory research facility, and the corresponding transmitter and receiver hardware [37].

(Fig. 13(d)). By stacking four of these PCBs, the team has
managed to electronically steer the beam across a 36-degree
span. Furthermore, the design can also operate with standard
horn antennas. OTA tests have resulted in data transmission
speeds of 16 Gbps over a distance of 3.5 cm while achieving
an energy efficiency of 93.75 pJ/bit. Additionally, the team
recently demonstrated a new 2-D phased array transmitter
by stacking multiple PCBs and chips with on-chip Vivaldi
antennas [17] (Fig. 14(b)).

D. NTT and TokyoTech
NTT and TokyoTech have demonstrated a 300 GHz het-
erodyne transceiver using their in-house 80nm InP HEMT
platform [103]. It consists of custom-designed PAs and mixer
modules, which are all packaged in individual waveguide
modules by using ridge couplers (Fig. 14(c)). Using external
high-gain lens antennas, the transceiver achieves OTA data
transmission of a 120 Gb/s 16QAM signal over a link
distance of 9.8 m (Fig. 14(d)), with an energy efficiency
of 92.5 pJ/bit.

E. Multi-Kilometer Link from Northeastern University
Northeastern University has showcased a long-distance,
high-speed link at 225 GHz for wireless backhaul [37].
The link supports over 2 Gbps at frequencies between
210–230 GHz across a 2 km OTA outdoor environment,
utilizing a 200 mW THz signal source and broadband low-
noise balanced mixers employing Schottky diode technology
developed by NASA (Fig. 14(e)). The system employs a
highly directional lens antenna (with over 40 dBi gain) for

Tx Chip Rx Chip

5 cm OTA link, 5 Gbps, BER: 1.6e-4

FIGURE 15. 400 GHz transceiver from UCLA and measured eye-diagram
for 5 Gbps transmission across a 5 cm OTA link [19].

the outdoor link setup. It also integrates custom communica-
tion and signal processing strategies into a software-defined,
ultra-wideband (30 GHz) digital baseband system. It presents
cutting-edge outcomes, proving the feasibility of establishing
long-distance terahertz links in real-world outdoor settings.

F. 400 GHz Transceiver from UCLA
UCLA has demonstrated a multi-Gbps wireless transceiver
at 400 GHz using a 90nm SiGe BiCMOS process [19].
This work utilizes silicon PIN diodes that show strong non-
linearity and can hence generate THz signals with high
DC-to-THz generation efficiency. The prototype supports
OOK modulation and incorporates on-chip antennas paired
with a silicon lens. In OTA experiments, this prototyped
transceiver achieved 5 Gb/s of data transmission over a
link distance of 5 cm (Fig. 15), with an energy efficiency
of 52.8 pJ/bit. Notably, this is the first instance of a fully
integrated multi-Gb/s wireless transceiver operating above
300 GHz in silicon. Additionally, by employing external
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mirrors for collimation, UCLA demonstrated a transmitter
that can support 3 Gbps over a 20-meter link [128].

G. Limitations of Current THz Demonstrations
These demonstrations showcase impressive performance,
highlighting the feasibility of THz communication. However,
they primarily validate feasibility rather than demonstrat-
ing a stable, commercially viable product. Many reported
demonstrations are conducted in controlled laboratory envi-
ronments with customized setups, leaving key aspects such
as long-term operational reliability across diverse conditions
and manufacturing yield—both crucial for commercializa-
tion—largely unaddressed. Additionally, many systems rely
on large, highly directive antennas that require precise align-
ment; even slight misalignments can significantly degrade
performance, making real-world deployment challenging.
This underscores the need for adaptive phased array beam-
forming and tracking solutions, which have yet to be fully
realized at these frequencies.

Furthermore, these demonstrations often fail to account for
the energy efficiency of the entire system. For instance, the
local oscillator is frequently supplied by an off-chip source,
with its power consumption left unreported. Similarly, the
power requirements of baseband analog-to-digital conversion
blocks are typically overlooked. Moreover, the impressive
data rates reported in these studies often depend on extensive
equalization performed off-chip, with the associated compu-
tational and power costs unaccounted for. Addressing these
limitations is essential for the practical realization and large-
scale adoption of THz communication systems.

VIII. OPEN RESEARCH AREAS
The development of THz communication presents numerous
challenges that require innovative solutions across multiple
domains. We outline key open research areas spanning
devices, circuits, antennas, and packaging below:

• Process technologies need significant advancements to
provide devices with high fmax. This can enable the
design of energy-efficient THz circuits capable of pro-
viding sufficient amplification to overcome the high
propagation loss at THz frequencies [81]. Simultane-
ously, the development of advanced sub-micron CMOS
within the same process for the digital back-end is
essential [85].

• Heterogeneous integration emerges as a crucial area
of exploration to identify ideal devices for specific
functions. This also necessitates parallel advancements
in packaging technology [87], [95], [96].

• There is a need for novel circuit techniques that can
circumvent device limitations and enable circuit design
at THz frequencies [112], [129]. Transmitters must
deliver high output power with good efficiency, while
receivers require amplification with low noise figures
[17], [102], [130].

• Realizing analog-to-digital converters, digital-to-analog
converters, and baseband processing circuits capable
of handling wideband signals remains an understudied
yet critical challenge [12]. Signal sampling, an impor-
tant step in these converters, becomes highly power-
consuming due to the wideband nature of the signals.
Additionally, maintaining low noise with uniform am-
plitude and phase response across such wide bandwidths
is particularly challenging. Poor performance in these
circuits can introduce significant noise and nonlineari-
ties, ultimately degrading the bit-error rate and limiting
achievable data rates.

• Equalization techniques need to be implemented on-
chip to compensate for frequency-selective fading, mul-
tipath effects, and hardware-induced non-idealities. Cur-
rent demonstrations often rely on off-chip equalization,
which introduces additional latency and power con-
sumption [13]–[17].

• High-performance antennas that do not rely on expen-
sive post-processing or precise machining and can work
with reasonable manufacturing tolerances are essential
for THz systems [113]. 3D-printed Teflon lenses, which
offer good design flexibility and cost efficiency, are be-
ing actively explored [119]. Additionally, metasurface-
based planar lenses represent a promising field of re-
search [120], [131].

• There is significant potential in leveraging the highly
directional nature and unique propagation character-
istics of THz links for physical layer security, using
techniques such as OAM multiplexing and frequency-
selective absorption [46], [47], [132].

• Like in mmWave, fast yet reliable beam management
and initial access will be essential to deploy robust
THz communication systems at scale, especially in
mobile and standalone settings. Techniques harnessing
emerging technologies such as artificial intelligence and
reconfigurable surfaces are showing promise in this pur-
suit [77]–[80], but there remains the need for real-world
experimentation in realistic scenarios to confirm such
techniques at THz frequencies. Other techniques, such
as wavefront engineering [75], [133], are also proving to
be promising directions warranting future investigation
for overcoming the propagation characteristics exhibited
at THz.

IX. CONCLUSION
The potential to transform wireless communication by oper-
ating at THz carrier frequencies has spawned research and
development across the globe, with eyes set on enabling
future 6G networks. In this survey, we provide a compre-
hensive overview of recent advancements in THz-based 6G
networks, with particular emphasis on the IEEE 802.15.3d
standard. We examine key enabling technologies across
devices, circuits, antennas, and packaging while highlighting
critical areas requiring further research and development. We
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also highlight notable experimental demonstrations of THz-
based 6G networks worldwide. Finally, we outline several
open research areas that must be addressed to advance the
field.

While there has been significant progress in the field in
recent years, notable shortcomings related to cost, energy
efficiency, and reliability remain, which must be addressed
for practical deployment. Despite these practical hurdles, the
global enthusiasm for THz communication raises hope that
it will become a core component in revolutionizing future
generations of connectivity.

As THz technology continues to evolve, a holistic ap-
proach that accounts for technical, environmental, and so-
cietal considerations will be essential for its responsible de-
velopment and deployment. Investigating the potential long-
term biological effects of THz radiation and ensuring that its
integration does not interfere with critical radio astronomy
and Earth observation satellites remain pressing concerns.
Furthermore, advanced THz sensing capabilities, such as
JCAS, necessitate stringent security and privacy measures
to mitigate potential misuse. Equally important is the need
to bridge the existing digital divide by ensuring equitable
access to these advancements. Addressing these multifaceted
challenges will be crucial in realizing the transformative po-
tential of THz technology in future communication systems.
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