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SUMMARY In this paper, we delve into wireless communications in
the 300 GHz band, focusing in particular on the continuous bandwidth of
44 GHz from 252 GHz to 296 GHz, positioning it as a pivotal element in the
trajectory toward 6G communications. While terahertz communications
have traditionally been praised for the high speeds they can achieve using
their wide bandwidth, focusing the beam has also shown the potential to
achieve high energy efficiency and support numerous simultaneous connec-
tivity. To this end, new performance metrics, EIRPλ and EINFλ , are intro-
duced as important benchmarks for transmitter and receiver performance,
and their consistency is discussed. We then show that, assuming conven-
tional bandwidth and communication capacity, the communication distance
is independent of carrier frequency. Located between radio waves and light
in the electromagnetic spectrum, terahertz waves promise to usher in a
new era of wireless communications characterized not only by high-speed
communication, but also by convenience and efficiency. Improvements in
antenna gain, beam focusing, and precise beam steering are essential to
its realization. As these technologies advance, the paradigm of wireless
communications is expected to be transformed. The synergistic effects
of antenna gain enhancement, beam focusing, and steering will not only
push high-speed communications to unprecedented levels, but also lay the
foundation for a wireless communications landscape defined by unparal-
leled convenience and efficiency. This paper will discuss a future in which
terahertz communications will reshape the contours of wireless communi-
cations as the realization of such technological breakthroughs draws near.
key words: terahertz communication, wireless networks, 300 GHz band,
beamforming, phased array, high-efficiency communication, high-capacity
communication, antenna gain, wireless beam control, terahertz transceiver

1. Introduction

In recent years, the field of wireless communication has
witnessed remarkable advancements in data rates [1]. An-
ticipating the onset of the sixth generation (6G) around 2030,
data rates exceeding 100 Gb/s are expected to become a re-
ality [2]. A pivotal technology driving this progress is sub-
terahertz communication, positioned as a key development
for 6G. Beyond its role in achieving ultrahigh-speed commu-
nication, sub-terahertz communication harbors the potential
to enable high-efficiency communication and numerous si-
multaneous connectivity. This paper aims to discuss the
substantial capabilities of sub-terahertz communication be-
yond just achieving high-speed communication.

To realize sub-terahertz communication, two major
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technological approaches come into play: the photonics ap-
proach [3]–[6] and the electronics approach [7]–[29]. Gener-
ating terahertz waves using optical mixing from signals in the
optical fibers of the backbone network proves advantageous
for incorporating sub-terahertz communication as part of
the backbone network. However, realizing a fully photonic
transceiver faces challenges, requiring electronics circuits
for amplifying weak received signals. Additionally, the pho-
tonics approach, relying on servers in the backbone network
(typically high power-consuming), is not inherently suited
for low-power consumption. On the contrary, the electron-
ics approach, leveraging easily miniaturized and low-power
consuming components, is suitable not only for the backbone
network but also for terminal applications, albeit requiring
EO/OE conversion to connect with the optical fiber network.

Our research has focused on the electronics approach,
utilizing readily producible CMOS integrated circuits, in the
development of sub-terahertz transceivers [18]–[29]. This
paper provides an overview of sub-terahertz transceivers
employing CMOS integrated circuits and engages in a dis-
cussion about the future of sub-terahertz. Exploring how
wireless communication data rates are determined, evaluat-
ing transceiver performance, and unveiling the key role of
beamforming in enhancing data rates will be pivotal aspects
of this discussion. Furthermore, we introduce sub-terahertz
CMOS receivers capable of two-dimensional manipulation
through the use of beamforming, offering enhanced capabil-
ities in the sub-terahertz spectrum.

2. 300 GHz CMOS Transceiver

The ever-increasing demand for higher data rates in wireless
communication has led to a significant rise in carrier fre-
quencies. As depicted in Fig. 1, recent developments extend
carrier frequencies beyond millimeter waves into the tera-
hertz range. Notably, the 300 GHz band has emerged as a
focal point of attention. Traditionally allocated for wireless
communication, particularly in mobile and land-fixed com-
munication, the 300 GHz band witnessed an expansion dur-
ing the 2019 World Radiocommunication Conference [26].
This expansion, from 252 GHz to 296 GHz, opened up a
broad frequency spectrum of 44 GHz for wireless commu-
nication. The utilization of the sub-terahertz 300 GHz band
holds the promise of achieving data rates exceeding 100 Gb/s
in wireless communication.

Copyright © 2024 The Institute of Electronics, Information and Communication Engineers
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Fig. 1 The carrier frequency for wireless communications has been in-
creasing year by year to reach terahertz frequencies in order to increase the
data rate. Among these, the 300 GHz band is expected to realize ultrahigh-
speed wireless communications because it can use a continuous frequency
band of 44 GHz [30].

Fig. 2 In IEEE 802.15.3d, channel allocation in the 300 GHz band is
proposed. Among these, we focused on channel 66, which has a frequency
bandwidth of 25.92 GHz [25], [26], [31].

2.1 300 GHz Single-Chip CMOS Transceiver [25], [26]

2.1.1 Channel Selection

In accordance with IEEE Standard 802.15.3d, a channel al-
location proposal covering the 252 GHz to 322 GHz range as
depicted in Fig. 2, with relatively low atmospheric attenua-
tion, includes the 300 GHz band [31]. Among several chan-
nels, our focus lies on Channel 66, spanning a frequency
bandwidth of 25.92 GHz. Notably, this bandwidth is 12
times larger than the 2.16 GHz frequency bandwidth of a
single channel in the 60 GHz band.

2.1.2 Challenges and Solutions in Sub-Terahertz CMOS
Transceiver

The maximum operating frequency (fmax) of NMOSFET
in CMOS integrated circuits is approximately 300 GHz.
Consequently, conventional transceiver components such as
power amplifiers (PAs), low-noise amplifiers (LNAs), and
local oscillators (LOs) cannot be employed as depicted in

Fig. 3 The maximum operating frequency (fmax) of transistors used in
CMOS integrated circuits is about 300 GHz. Therefore, power amplifiers,
low-noise amplifiers, and fundamental local oscillators normally used in
wireless transceivers cannot be used [32], [33].

Fig. 4 Architecture of our realized 300 GHz single-chip transceiver. To
integrate the transmitter and receiver, we used the in-phase and differential
outputs of a rat race circuit [25], [26].

Fig. 3, necessitating the construction of a transceiver with-
out these essential components.

The architecture of the proposed 300 GHz transceiver,
as illustrated in Fig. 4, addresses these challenges. In the
transmission mode, a rat-race circuit is connected to the
output, utilizing its in-phase (Σ) and differential (∆) output
ports. During transmission, the baseband input (TXBBin)
signal undergoes up-conversion to intermediate frequency
(IF) through the first mixer. This mixer not only produces
the IF signal but also leaks the LO signal to the output.
Therefore, the LO and IF signals are combined and ampli-
fied to go into a second mixer, called a square mixer. This
mixer outputs the squared signal of the input, with the desired
RF signal at 2LO · IF in the 300-GHz band. However, the
unwanted components LO2 and IF2 are also output simulta-
neously. To eliminate unwanted components, a second path
is incorporated, generating an LO− IF signal. By employing
a rat-race circuit, the undesired LO2 and IF2 components are
subtracted, leaving only the amplified desired signal.

In receiver mode, the TXBBin signals are terminated,
allowing both paths of the first mixer to leak only the LO
signal. This LO signal is fed into the square mixer, generat-
ing LO2. This LO2 is fed to the rat-race circuit and amplified
by power combining by using its in-phase port (Σ). This am-
plified LO2 is fed into a 90-degree hybrid circuit, producing
the I/Q LO signals for down-converting the 300 GHz RF
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Fig. 5 Chip photomicrograph of a 300-GHz CMOS single-chip trans-
ceiver, in which the outputs of four square mixers are then power-combined
to enhance the output of a 300-GHz signal [25], [26].

Fig. 6 Experiments on a 300-GHz CMOS single-chip transceiver. A
transmitter and receiver evaluation boards are created and 300 GHz signals
are extracted using waveguide probes. Data rates of up to 80 Gb/s are
achieved [25], [26].

signal directly to the baseband.
Figure 5 presents a photomicrograph of the prototype

single-chip CMOS transceiver, fabricated using a 40 nm bulk
CMOS process. To enhance the output power of the square
mixer, a circuit called a double rat race with four inputs is
used for power combining.

2.1.3 Experimental Overview of 300 GHz Single-Chip
Transceiver

Figure 6 outlines the experimental setup for the 300 GHz
single-chip transceiver. Evaluation boards for both trans-
mitter and receiver are created using the same chip. The
300 GHz RF signal is extracted using a waveguide probe,
connected to a WR3.4 horn antenna. The frequency aligns
with IEEE 802.15.3d Channel 66. Employing a 16QAM sig-
nal, the transceiver achieved a maximum data rate of 80 Gb/s
in a single channel. Notably, despite the absence of a power
amplifier, utilizing power combining, the output saturation

Fig. 7 Chip photomicrograph of a 300-GHz CMOS receiver for use in
mounting tests, created using a 40-nm CMOS process [27], [28].

power of the transmitter reached −1.6 dBm.
In conclusion, the presented 300 GHz CMOS trans-

ceiver demonstrates an architecture overcoming the chal-
lenges posed by the sub-terahertz frequency band. The
experimental results showcase promising performance in
achieving high data rates in wireless communication, open-
ing avenues for future research and development in this do-
main.

2.2 Packaging Technology for 300 GHz CMOS Re-
ceiver [27], [28]

2.2.1 Receiver CMOS Chip and Packaging Overview

In the pursuit of pushing the boundaries of wireless com-
munication into the sub-terahertz frequency range, we have
developed packaging technology for a 300 GHz CMOS re-
ceiver. Figure 7 presents a photomicrograph of the CMOS
chip utilized in the packaging process, fabricated using a
40 nm bulk CMOS process. The CMOS receiver adopts a
low-noise amplifier-less (LNA-less) architecture. The re-
ceiver generates a 225 GHz LO signal through ninefold up-
conversion of the externally supplied 25 GHz signal, which
is then supplied to the down-conversion mixer. The down-
conversion mixer transforms the 265 GHz RF signal into a
40 GHz IF signal.

The CMOS chip is implemented using a flip-chip
mounting on a printed circuit board (PCB) made of organic
dielectric material, as illustrated in Fig. 8. The PCB boasts
eight layers of wiring and is equipped with a WR3.4 wave-
guide flange on the opposite side of the chip implementation.
The PCB facilitates not only power supply and conventional
high-frequency wiring but also the transition of the 300 GHz
band signal from a waveguide to a transmission line.

Figure 9 provides detailed insights into the transmis-
sion line to waveguide conversion implemented on the PCB.
The CMOS substrate is flip-chip mounted on the first layer
(L1) and connected to the PCB through coplanar waveguides
(CPW) and 50-µm diameter GSG (ground-signal-ground)
stud bumps with a 75-µm pitch. The PCB incorporates a
pseudo-waveguide structure achieved by stacking rectangu-
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Fig. 8 Overall view of a 300-GHz CMOS receiver being mounted on a
board; the CMOS chip is flip-chip mounted on the board and the WR3.4
waveguide flange is attached on the opposite side [27], [28].

Fig. 9 Structure of the board on which the 300-GHz band CMOS receiver
is mounted. 8-layer printed circuit board is used, with the CMOS chip on
the first layer (L1) and the WR3.4 waveguide flange on the eighth layer
(L8) [27], [28].

lar cutouts in the metal layers. Two different-sized patches
are employed to couple with this pseudo-waveguide. The
stacking of these two patches realizes dual resonance, en-
hancing the bandwidth. The upper-layer patch is electrically
coupled to the open end of the CPW.

2.2.2 Over-the-Air Measurements and Results

The module’s over-the-air performance was evaluated us-
ing the measurement setup depicted in Fig. 10. An arbi-
trary waveform generator (AWG) generated the modulated
IF signal, generating a 300 GHz signal through a commer-
cial block up-converter. The generated signal was amplified
by a power amplifier and radiated through a horn antenna.
The CMOS receiver module, connected to the horn antenna,

Fig. 10 Over-the-air measurement of a 300 GHz CMOS receiver mod-
ule. The transmitter is a commercial frequency up-converter with a power
amplifier [27], [28].

Fig. 11 Over-the-air measurement results. Maximum 76 Gb/s was
achieved at a communication distance of 6 cm, and 4.32 Gb/s at a com-
munication distance of 1 m [27], [28].

down-converted the received signal to the IF signal. The IF
signal is down-converted to baseband by a quadrature mixer
and demodulated and analyzed by a real-time oscilloscope.
Figure 11 presents the measurement results, showcasing a
maximum data rate of 76 Gbit/s with 16QAM signals at a
communication distance of 6 cm. Additionally, at a commu-
nication distance of 1 m, a maximum data rate of 4.32 Gbit/s
was achieved using QPSK signals.

In conclusion, the presented 300 GHz CMOS receiver
module demonstrates overcoming the packaging challenges
posed by the sub-terahertz frequency band. Experimental
results show promising performance to achieve high data
rates over-the-air.
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3. Wireless Communication and Communication
Range in the Context of Terahertz Technology

This section delves into the evolving landscape of wire-
less communication, particularly in the terahertz frequency
range, focusing on achieving high data rates. As we explore
advancements, there is an emerging need to broaden cov-
erage for Beyond 5G networks. Traditionally, it has been
noted that coverage decreases as carrier frequency is in-
creased. This raises the question: why does coverage tend to
decrease with higher carrier frequencies? Ideally, the quest
is to reconcile ultrahigh-speed data rates with extreme cover-
age. This section aims to theoretically analyze pathways for
the evolution of wireless communication towards this ideal.

3.1 Theoretical Analysis

Applying Shannon-Hartley theorem, communication capac-
ity C is given by

C = B log2

(
1 +

S
N

)
, (1)

where B is the bandwidth, and S and N are the signal and
noise power, respectively. When adapted for wireless com-
munication,

C = B log2

(
1 +

Pr

kT B · NF

)
, (2)

where Pr is the received power, k is Boltzmann’s constant,
T is absolute temperature, and NF is the noise figure of the
receiver [32], [33]. The relationship between communica-
tion capacity C and bandwidth B for received powers of
0.1 µW, 1 µW, and 10 µW is illustrated in Fig. 12. The graph
highlights the trade-off between bandwidth limitations and
power constraints. To increase communication capacity, it
is evident that widening the bandwidth alone is insufficient;
an increase in received power is also necessary.

Fig. 12 Relation between communication capacity (C) and RF band-
width (B) when applying the Shannon-Hartley theorem to wireless commu-
nications. Three different received power (Pr) were calculated for 0.1 µW,
1 µW, and 10 µW. Here, T = 290 K, NF = 20 dB [32], [33].

3.2 Communication Range Analysis

The received power Pr can be expressed through Friis’ trans-
mission formula [34] as

Pr

Pt
= GtGr

(
λ

4πd

)2
, (3)

where Pt is the transmit power, Gt and Gr are the antenna
gains of the transmitter and receiver, respectively, λ is the
wavelength, and d is the communication distance. Here by
transforming (3), we obtain

Pr

Pt
=
λGt

4π
· λGr

4π
· 1

d2 =
At

λ
· Ar

λ
· 1

d2 , (4)

where At and Ar are the effective antenna areas of the trans-
mitter and receiver, respectively. By defining

Gλt ≜
λGt

4π
=

At

λ
and (5)

Gλr ≜
λGr

4π
=

Ar

λ
(6)

as the wavelength-normalized antenna gains of the transmit-
ter and receiver as Gλt and Gλr, respectively, we obtain

Pr

Pt
= GλtGλr

1
d2 . (7)

This formulation incorporates the wavelength dependency
into the wavelength-normalized antenna gains. Conse-
quently, it indicates that if the wavelength-normalized
antenna gains do not vary, (7) becomes wavelength-
independent. Applying this to (2),

d =

√√√ GλtGλrPt(
2C

B − 1
)

B · NF · kT
. (8)

When 2C/B ≫ 1, (8) simplifies to obtain

d ≃
√

GλtGλrPt

NF · kT
2− C

2B
√

B
. (9)

This reveals an inverse relationship between communication
distance d and communication capacity C. When bandwidth
B is proportional to communication capacity C (B = αC),
the relationship becomes

d ≃
√

GλtGλrPt

NF · kT
2− 1

2α
√
α

1
√

C
. (10)

This demonstrates that communication distance inversely
scales with the square root of communication capacity. On
the other hand, if B is constant:

d ≃
√

GλtGλrPt

NF · kT
1
√

B

(
2

1
2B

)−C
. (11)
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Fig. 13 Comparison of normalized communication distance when band-
width is increased in proportion to communication capacity (Proportional
bandwidth) and when communication capacity is increased with constant
bandwidth (Constant bandwidth). In the case of constant bandwidth, the
communication distance decreases exponentially.

In this case, communication distance exponentially de-
creases with increasing communication capacity. A com-
parison between proportional bandwidth and constant band-
width scenarios is presented in Fig. 13. The results show that
increasing bandwidth significantly outperforms maintaining
a constant bandwidth when aiming to increase communi-
cation capacity while mitigating a decrease in communi-
cation distance. In other words, terahertz communication
with room to increase bandwidth is better suited to halt the
decrease in communication distance.

3.3 Transceiver Performance Metrics

Here we analyze the performance metrics of the transceiver.
From (1), it is the bandwidth B the signal-to-noise ratio
S/N of and the receiver that determines the communication
capacity. Using (7),

S
N
=

Pr

kT B · NF
=

1
kT B

· PtGλt ·
Gλr

NF
· 1

d2 (12)

expresses the S/N of the receiver. We now introduce the
wavelength-normalized equivalent isotropic radiated power
EIRPλ and the wavelength-normalized equivalent isotropic
noise figure EINFλ as

EIRPλ ≜ PtGλt =
λ

4π
EIRP and (13)

EINFλ ≜
NF
Gλr
=

4π
λ

NF
Gr

(14)

as performance metrics for the transmitter and receiver, re-
spectively. Using both, (2) can be set as

C = B log2

(
1 +

1
kT B

· EIRPλ

EINFλ
· 1

d2

)
, (15)

which encapsulates the relationship between communication
capacity C, bandwidth B, and the transceiver’s performance

Fig. 14 The relationship between communication capacity, which is de-
termined from wavelength-normalized equivalent isotropic radiated power
EIRPλ and wavelength-normalized equivalent isotropic noise figure EINFλ ,
and communication distance. If EIRPλ , EINFλ , data rate DR, and band-
width B are constant, the communication distance remains the same. How-
ever, considering the effect of increasing the frequency, it is necessary to
increase the antenna gains (Gt, Gr) to obtain the same communication
distance.

metrics. The conclusion drawn from (15) is summarized in
Fig. 14. Assuming EIRPλ, EINFλ, C, and B are constant, the
communication distance remains constant. This implies that
an increase in carrier frequency does not necessarily lead to
a decrease in communication distance. However, in reality,
increasing the frequency (shortening the wavelength) is of-
ten necessary to enlarge both B and C. Additionally, raising
the carrier frequency can degrade device performance, re-
sulting in reduced output power, increased noise figure, and
significant implementation losses. To maintain communi-
cation distance while increasing C, it becomes imperative
to enhance EIRPλ and reduce EINFλ. In essence, increas-
ing both transmitter and receiver antenna gains is essential.
Note that for a given antenna size, antenna gain increases
inversely as the square of the wavelength. Increasing the
antenna size relative to the wavelength requires the use of
lenses and concave mirrors, as well as increasing the size of
the phased array that can control the beam direction.

Achieving extremely high data rates over long distances
can be exemplified by satellite-to-satellite laser links (ISLL).
These links operate over vast distances (6000 km) at a data
rate of 10 Gb/s [35]. Although the laser’s wavelength is much
shorter and frequency much higher than terahertz, the use
of highly gainful antennas (optical lens systems) allows for
both high-speed and long-distance communication. There-
fore, higher frequencies do not necessarily lead to shorter
communication distances.

3.4 Beamforming and Phased Arrays

The use of phased arrays for electronic beamforming is cru-
cial for this purpose. By providing antennas with signals hav-
ing phase differences, phased arrays can concentrate beams
while manipulating their direction. The performance of a
transceiver using an n×n phased array is depicted in Fig. 15.
For a 2 × 2 phased array, the communication distance is
limited to 50 cm. However, with a 128 × 128 phased ar-
ray, theoretically, the communication distance can extend up
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Fig. 15 Relationship between the number of elements n per side of a
phased array and the communication distance and half-power beamwidth.
Here, the number of antenna elements is assumed to be 1 : 1 in aspect ratio,
and the number of elements in the entire phased array is n × n [32], [33].

to 100 km. Simultaneously, the beamwidth narrows signif-
icantly from 28◦ in a 2 × 2 array to 0.4◦ in a 128 × 128
array [32], [33].

In summary, this section has explored the theoretical
analysis of wireless communication in the terahertz fre-
quency range. It has highlighted the intricate interplay be-
tween communication capacity, bandwidth, and communi-
cation distance, emphasizing the importance of transceiver
performance metrics and the potential of phased arrays for
overcoming challenges associated with higher frequencies.
The findings contribute valuable insights into the evolving
landscape of terahertz wireless communication for Beyond
5G networks.

4. Two-Dimensional Beam-Steerable 300 GHz CMOS
Receiver [29]

This section presents our approach to achieving two-
dimensional beam steering at 300 GHz using a CMOS re-
ceiver. The technical challenge in realizing phased arrays
at 300 GHz lies in the extremely short wavelength, approxi-
mately 1 mm. To avoid sidelobe generation in phased arrays,
it is essential to array antennas at half-wavelength intervals.
In the 300 GHz band, this requires placing antennas every
500 µm. However, creating transmitter and receiver circuits
at a 500 µm scale poses significant challenges. Thus, previ-
ous reports on phased arrays were limited to one dimension.
We introduce a hybrid approach that combines phased arrays
for horizontal beam steering and mechanically controlled
lenses for vertical beam steering, addressing the limitations
of conventional phased arrays.

4.1 Hybrid Beam-Steering Approach

The wavelength constraints at 300 GHz necessitate creative
solutions for beam steering. As shown in Fig. 16, while
phased arrays can easily manipulate the beam’s phase an-
gle for broad beam steering, narrowing the beam requires a
significant number of elements, leading to increased power
consumption. On the other hand, optical methods excel at
beam focusing but struggle with beam steering. Considering
the requirements for base stations that need wide horizon-

Fig. 16 Two methods for beam manipulation. One is to use a phased
array and the other is to mechanically manipulate an optical lens. The latter
requires only one antenna and one circuit [29].

Fig. 17 Overview of operating angles required when the receiver is used
as a base station (left). Vertical beam manipulation is required less than
horizontal beam manipulation. Therefore, we use a hybrid system with a
phased array for horizontal beam manipulation and mechanical manipula-
tion of the optical lens for vertical beam manipulation (right) [29].

Fig. 18 Overall view of the 2D beam manipulation receiver using the
hybrid method. Four CMOS receivers with built-in phase shifters are
used for the phased array, which are placed opposite each other. They
are power-combined on board and input to an intermediate frequency (IF)
amplifier [29].

tal beam steering, as shown in Fig. 17, a hybrid approach
utilizing both phased arrays and optical systems becomes a
compelling solution.

The proposed hybrid approach, illustrated in Fig. 18,
leverages phased arrays for horizontal beam steering and
mechanically controlled planocylindrical lenses for vertical
beam steering. To address the challenge of narrow antenna
pitch, an opposing arrangement of CMOS chips connected
to adjacent antennas is employed, allowing the reduction
of antenna pitch to half the CMOS pitch. A phase shifter
is incorporated in the local oscillator (LO) signal generator
supplied to the down-conversion mixer of the CMOS receiver
to enable phased array operation by changing the phase.
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4.2 Receiver Module

Figure 19 showcases the PCB implementation of the two-
dimensional beam-steerable 300 GHz CMOS receiver, fea-
turing a frequency converter with four embedded phase
shifters connected to the antennas. The output is power com-
bined on the PCB and fed into the intermediate frequency
(IF) amplifier. The backside of the flip-chip mounted CMOS
integrated circuits has an array of miniaturized waveguide
antennas. Figure 20 provides an overview of the entire two-
dimensional beam-steerable 300 GHz CMOS receiver. The
focused beam is manipulated by electronic beam steering us-
ing a horizontal phased array and mechanical beam steering
using a vertical plannocylindrical lens.

4.3 2D Beam Steering Measurement Results and Possibil-
ities Beyond

Figure 21 displays the antenna gains in the vertical (H-plane)
and horizontal (E-plane) directions. In this experiment, a
phased array with only four elements is used in the horizon-
tal (E-plane) direction. Therefore, a relatively wide range of
signals can be received in the horizontal direction, but the

Fig. 19 Photograph of a PCB of a 300-GHz CMOS receiver capable of
two-dimensional beam manipulation (left) and a differential transmission
line and waveguide converter mounted on the PCB (right); differential
signals are used to connect the PCB to the CMOS chip [29].

Fig. 20 Overall view of a 300-GHz CMOS receiver capable of two-
dimensional beam steering. The vertical beam is steered by moving a
planocylindrical lens up and down. The horizontal beam is steered by
phased array [29].

number of elements must be increased to achieve higher an-
tenna gain. The vertical (H-plane) planar cylindrical antenna
shows beam focusing that reaches antenna gains up to 32 dBi.
Vertical beam steering capabilities extend to ±10 degrees,
while horizontal beam steering achieves ±14 degrees. Note
that this receiver can receive signals up to 52 Gb/s by using
16QAM. This configuration enables versatile beam steering
for diverse communication scenarios.

It is important to point out the new possibilities offered
by ultrahigh-speed wireless communications. For broadband
communications, designs that operate with minimal receive
power (sub-nanowatts) relative to transmit power are usually
preferred. If ultrahigh-speed wireless communications can
be achieved using a sub-terahertz receiver such as the one
proposed here, it must operate at the microwatt level of re-
ceiving power. This will improve the power propagation ef-
ficiency between the transmitter and receiver, thus enabling
power-efficient wireless communication. If the beams are
extremely narrow, it is also possible to use multiple beams
simultaneously in the same space. This implies that numer-
ous simultaneous connectivity can be achieved.

5. Conclusion

The pursuit of wireless communication in the 300 GHz band,
specifically targeting the continuous 44 GHz bandwidth from
252 GHz to 296 GHz, holds significant promise as a corner-
stone for 6G communication. While terahertz communica-
tion has traditionally garnered attention for its wide band-
width, our focus on the 300 GHz band reveals the potential
for not only high-speed communication but also the con-
current realization of high energy efficiency and numerous
simultaneous connectivity.

We have introduced performance metrics, EIRPλ and
EINFλ, as key indicators for transmitter and receiver perfor-
mance. Demonstrating that these performance metrics re-
main consistent, and assuming conventional bandwidth and
communication capacity, we have shown that communica-
tion distance is independent of carrier frequency.

Fig. 21 Photograph of the inside of a 300-GHz CMOS receiver capable
of 2-D beam steering (left) and simulation and measurement results of 2-D
beam steering (right) [29].
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Terahertz waves, residing in the electromagnetic spec-
trum between radio waves and optics, present a unique op-
portunity. Radio waves have facilitated wireless communica-
tion, providing convenience to people, while optics, through
optical fiber communication, has enabled high-capacity data
transmission and efficient communication. Terahertz com-
munication, embodying characteristics between radio waves
and optics, not only holds the promise of high-speed com-
munication but also offers the potential for a new era of
wireless communication characterized by convenience and
efficiency. The key to realizing these advancements lies in
the enhancement of antenna gain, facilitating beam focusing,
and precise beam steering.

As these technologies continue to advance, we antici-
pate the unfolding of a new paradigm in wireless commu-
nication. The combined forces of enhanced antenna gain,
beam concentration, and beam steering not only pave the
way for unprecedented high-speed communication but also
lay the foundation for a wireless communication landscape
characterized by unparalleled convenience and efficiency.
We look forward to the realization of these technological
breakthroughs, anticipating a future where terahertz commu-
nication reshapes the landscape of wireless communication.
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