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A B S T R A C T   

The Terahertz (THz) frequency band (0.1-10 THz) will be used in the 6G wireless communication 
system to support the user demand of higher data rates and ultra-high-speed communication for 
many future applications. In this paper, 6G antenna specifications for these applications are 
highlighted. An exhaustive review of recent related-works of THz band antenna, fabrication and 
measurement are presented. Challenges of the THz band antenna design, fabrication and mea-
surement are addressed. Research directions of THz band antenna for 6G technology are included, 
for THz band in antenna design, manufacturing and testing.   

1. Introduction 

The increasing demand on higher data rates and ultra-high-speed communication leads towards the development and introduction 
of new technology such as sixth-generation (6 G) wireless communication system. The 6G wireless communication system is expected 
to emerge around 2030 [1,2]. 6G wireless communication system is still undefined [3] since it is at an early stage of development. The 
terahertz (THz) band will play an essential role in the 6G wireless communication system [4–6]. 

The THz band refers to the frequency range between 0.1 and 10 THz, which is equivalent to the wavelength from 3 mm up to 0.03 
mm [4,7]. From 0.1− 0.3 THz is defined as a sub-THz region and form 0.3− 10 THz is defined as THz region [8]. From 0.1− 0.3 THz is 
defined as a sub-THz region and from 0.3− 10 THz is defined as THz region [8]. The THz band, also referred to as the THz gap due to the 
lack of materials responding to these frequencies [9], is the least studied frequency region among millimetre-wave and infrared regions 
[5]. The THz band may also be referred to as Tera waves or T-waves [10]. Fig. 1 shows the frequency range in 6G wireless 
communication system. 

Some of the suggested specific applications for THz band wireless communication are health monitoring system, internet of nano- 
thing (IoNT), ultra-high-speed on-chip communication [5], environmental pollution monitoring, military, entertainment technologies, 
augmented reality, directional communication links, satellite communications, and heterogeneous networks [6]. To launch these THz 
band applications, new 6G use cases (scenarios) will be introduced, as THz band applications are categorized under the new 6G 
scenarios. 6G applications will require a combination of user cases that are already offered in the 5 G standard with new applications 
which will appear in a close future, such as mobile broadband reliable low latency communication (MBRLLC), massive ultra-reliable 
low-latency communication (mURLLC), human-centric services (HCS), multi-purpose and energy services (MPS) [11]. Compared to 
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the 5 G applications, these 6G new use cases is required to support higher data rate or capacity (1 terabit per second), higher 
convergence, lower latency (1 microsecond), higher reliability (10− 9), lower energy and cost (energy/ bit is one pJ/bit), massive 
connection (1 cm on 3D) [12], global connectivity, battery-free for internet of thing (IoT) devices, connected intelligence with machine 
learning [4], and a new combination of these requirements for upcoming use cases. The contribution of this paper is to provide overall 
challenges of THz band wireless communication for 6G technology and more specifically, the challenges of designing THz band an-
tenna. Our study differs from [13] in such a way that we included antenna specifications for short-range ultra-broadband THz wireless 
communication in 6G technology. This paper also offers a detailed review and analysis of recent studies related to THz band antenna 
design, manufacture and measurement, with open challenges and future research trends where previous studies do not cover. 

This paper is arranged as follows: Section 2 contains THz band wireless communication challenges in overall. Section 3 discusses 
the antenna specifications for short-range ultra-broadband THz wireless communication in the 6G technology. In Section 4, recent 
related-works of THz band antenna, fabrication and measurement are addressed. In Section 5, we explain the challenges of the THz 
band antenna design, fabrication and measurement. Research directions of the THz band antenna in the 6G wireless communication 
system are presented in Section 6. Finally, Section 7 concludes this paper. 

2. THz band wireless communication challenges 

There are many challenges to enable the THz wireless communication system in the future due to very high path loss and molecular 
absorption loss that lies in the nature of the THz frequency band [14]. The THz frequency band suffers from absorption or scattering by 
molecules and tiny particles in the atmosphere, such as water vapour and oxygen, because their sizes are close to the wavelength of the 
THz band [15]. The high path loss of THz band presents a significant limitation on the communication distances range (converge area 
up to 10 m) [5]. Thus, the wireless communication system needs to be developed to meet the short distance communication of the THz 
band. Challenges in the 6G wireless communication system are machine-type communication (MTC) scenarios [16], THz band devices 
technologies [5,6], and THz band communication networks [5,6]. 

6G MTC scenarios challenges are security for MTC, efficient massive connectivity, energy efficiency, multi-access edge computing, 
artificial intelligence (AI) and machine learning, and vertical-specific wireless connectivity [16]. THz band devices technologies 
challenges are the THz band transceivers [5,6], THz band antennas [5,6], and THz band amplifiers [6]. THz band transceiver challenge 
is the design of transceiver that should operate with a wide bandwidth in the THz band [5,6]. High power, low noise figure and high 
sensitivity are additional features of THz band transceiver [5]. THz band antenna challenge is to develop a design of the antenna that 
support a very large wideband bandwidth and high directional features [5]. More studies are still needed for graphene antenna types in 
the THz band [6]. Similarly to the THz band transceiver challenge, THz band amplifier needs to support a wide frequency regime to 
operate in the THz band [6]. THz band communication networks challenges are channel and noise modelling, physical layer, link layer, 
network layer, and transport layer [5,6]. Physical layer challenges include modulation schemes, channel coding schemes, 
multiple-input and multiple-output (MIMO) system, relays, media access controlling (MAC) [17], and synchronisation [5,6]. 

Fig. 2 shows a summary of general challenges of THz band in 6G wireless communication system. 
The THz band antenna for the 6G wireless communication system is the focus of this paper. We will review antenna specifications 

for short-range ultra-high-speed THz wireless communication in the 6G technology, and recent related-works of THz band antenna, 
fabrication and measurement with their open challenges, where previous studies did not cover. The research directions of these parts 
are also included in this paper for further studies. 

3. Antenna specifications 

Antenna specifications depends on applications. Applications in the 6G technology include short-range ultra-broadband THz 
wireless communication/ short-range ultra-high-speed THz wireless communication, such as fixed point-to-point (P2P) communica-
tion, for example, in the server room or supercomputers. Such antenna could be used to replace the massive wires connection in the 
server room or supercomputers. Another example is Wi-Fi, and base station that need such antenna to transfer enormous data with 
ultra-high-speed over short-range in the 6G technology. Such antenna could be also used in medical applications for more accuracy and 

Fig. 1. Frequency range in 6G wireless communication system.  
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better detection of cancer, as the study in [18], and [19]. 
For these applications, the antenna specifications in the 6G wireless communication systems are:  

▪ The frequency range is the THz frequency band (0.1–10 THz) [4–6].  
▪ Ultra-wideband and multi-band antenna [5]. Antennas with a fractional bandwidth (FBW) more than 50 % are referred to as 

ultra-wideband antenna [20].  
▪ Omnidirectional antennas will be needed in some applications, while very directional antennas will be required in some other 

applications [5]. Depends on applications, high directional antenna of 25 dBi [21]\ over 25 dBi or antenna (omnidirectional 
\directional) with the high gain between 18–34 dB [22]\ between 25–40 dBi is needed [23]\ even up to 60 dB gain [24].  

▪ Compact size [5] and low-cost.  
▪ Circular polarization is preferred [25]. 

Multi-band antennas can be used to improve the bandwidth, capacity and data rate of THz wireless communication system [26]. In 
addition, an antenna with multi-band can be used for more than one uses cases (multi-function/ multi-purpose antenna). 
Ultra-wideband and multiband with circular polarization antenna is to enable the ultra-high-speed THz wireless communication 
system in the 6G technology. Antenna with low-cost characteristics can reduce the cost in the antenna fabrication process and increase 
the spread in the market. Highly directional antenna or omnidirectional with high gain antenna is needed to overcome the very high 
propagation loss [27] of the THz band and to offer a reliable communication for short-range ultra-broadband THz wireless commu-
nication in the 6G technology. Besides, due to the limited output power of THz band transceivers, high gain directional antennas are 
demanded to communicate over distances beyond a few meters [28]. 

More details on directional antenna of ultra-broadband THz wireless communication system in 6G indoor and outdoor applications, 
and 6G antenna polarization type are presented next. 

3.1. Directional antenna in 6G indoor and outdoor applications 

The high frequency of the THz band suffers from high path loss and molecular absorption loss [14]. Therefore, the need for high 
gain antenna is very important in order to overcome high atmospheric absorption and high path loss at the THz frequencies band [29]. 

For ultra-broadband THz wireless communications system in 6G outdoors applications, highly directional antenna or/and highly 
directional antenna arrays are needed [6]. The number of antenna elements in the array will be less (4 × 1 array) compared to 5 G 
technology (8 × 8 array of antenna gain = 18 dBi) [17,30,31] as 6G antenna array is more directional than 5 G antenna array for the 
same desired gain of the antenna. In the 6G technology, THz band in ultra-massive MIMO technology [32] introduced as a way to 
increase the communication distance and the achievable capacity of THz band communication networks [28]. Still, THz band in 
ultra-massive MIMO technology has difficulties in a fabrication antenna array, channel modelling, physical layer design, link layer and 
above [28]. More studies are needed in optimization problems of antenna array design and resource allocation [32]. On the other 
hand, a small number of antenna elements are still preferred to decrease the complexity and cost of the system in 6G outdoor ap-
plications as its very high directional features of antenna array could meet the required communication distance. An application 
example that use an antenna array of outdoor ultra-high-speed THz wireless communications system is base stations in the 6G 
technology. 

Fig. 2. Summary of general challenges of THz band in 6G wireless communication system.  
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For ultra-high-speed THz wireless communications system in 6G indoor applications, a highly directional antenna is also required. 
Nonetheless, an antenna array may not be necessary for indoor applications compared to outdoor applications as the desired distance is 
usually smaller. Besides, the THz band in ultra-massive MIMO technology is extremely complex and might exceed the distance 
requirement of indoor ultra-broadband THz wireless communication scenarios [14] in 6G technology. Hence, a single element of 
high-directional antennas is more suitable for indoor applications rather than outdoor applications, due to the need of more directional 
antenna. Fig. 3 shows an example of an indoor ultra-high-speed THz wireless communications system in 6G technology between 
wireless fixed device such as TV and router in the same room, and the antennas are facing each other. 

3.2. Antenna polarization type in 6G 

The polarization of an electromagnetic field is the direction in which the electric field oscillates while travelling through the 
medium [25]. In wireless communications, the choice of polarization of the antenna depends upon the application as well as the 
medium [25]. Linear polarization is useful in many applications but, it cannot be very effective when the communication systems have 
to operate in indoor environments where multipath and scattering processes can reduce the quality of the radio link [33,34]. In linear 
polarization, a horizontally polarized antenna will not communicate with a vertically polarized antenna [35]. This is due to the 
reciprocity theorem, antennas transmitting and receive in precisely the same manner [35]. Thus, linear polarization suffers from power 
loss due to polarization mismatch. Circular polarization antennas in transmit and receive do also suffer a signal loss due to polarization 
mismatch but not as much loss as linear polarization, as some portion of the transmitted power are always transferred to linearly 
polarized receiver antenna for any spatial direction [36]. Circular polarization antenna receives the signal in both the horizontal and 
vertical planes compared to linear polarization antenna, which is either horizontal or vertical polarized. 

For THz wireless communication, including satellite communication, circularly polarized waves are preferred because of their 
lower sensitivity towards multipath fading as compared to linearly polarized waves [25], which can improve the quality of signal 
transmission [37]. Also, very high accuracy alignment and location system of the THz band antenna are required [38] due to the very 
short wavelength of THz band antenna. Nevertheless, its alignment between transmitter and receiver is a difficult task due to its 
smaller size. Hence, circular polarization on the wideband antennas has received significant recent attention among the researchers 
due to its capabilities in fulfilling the requirement of the high gain, high data rate transmission [39–41], and lower losses in case of 
misalignment [42]. These features are desired in the 6G wireless communication system. Thus, a circular polarization antenna is 
preferred in the 6G indoor and outdoor applications of ultra-high-speed THz wireless communication system, such as router, and base 
stations, where rotation of antenna in some cases is unfeasible for fixed applications. 

4. Literature review of related-works 

The review section includes the performance of the most recent related-works of the THz band antenna for matching the antenna 
specifications in the 6G wireless communication system and the analysis of the latest related-works of THz band antenna fabrication 
and measurement. 

Fig. 3. Example of short distance point-to-point communication in 6G wireless communication system between wireless fixed device such as TV and 
router. 
The 3D office image has taken from Naulicreative, "Modern isometric 3D office interior design Free Vector," in image: Freepik.com, ed: Freepik, 
2017 and we modified it to show our example, which agrees with Freepik license (free for personal and commercial purpose with attribution). 
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(caption on next page) 
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4.1. Recent THz band antennas 

The most recent studies of the THz band antennas in [19,29,37,43–60] have achieved wideband bandwidth and few of them are 
ultra-wideband bandwidth. Still, their directivity (or omnidirectional) or/and gain is low compared to the required directivity (or 
omnidirectional) with the minimum high gain antenna of 18 dBi in the 6G wireless communication system. Besides, the radiation 
efficiency of these ultra-wideband antennas is either very low or unknown. 

Some recent related-works of the THz band antennas in [18,61–68] have achieved the minimum high gain antenna of 18 dBi or 
above for the 6G wireless communication system. Nevertheless, the radiation efficiency and fractional bandwidth of these studies are 
either low or unknown, FBW of ultra-wideband antenna is above 50 %. Also, most of these investigations have not included an 
ultra-wideband and multi-band antenna within their studies. They could have not intended their work for 6G wireless communication 
system at that time. 

Few studies on dual-band, triband, and multi-band antennas have also been stated on the THz band as in [26,69–80]. Still, their 
dual-band, triband, or multi-band antennas are multi-narrow bands instead of multi-ultra-wideband or/and they have not mentioned 
their antenna performance in terms of radiation and total efficiencies, polarization, and FBW. Their directivity/ gain is also below 18 
dBi. Perhaps, they did not intend their work for 6G wireless communication system at the time. Some few studies on wideband and 
dual-band antenna have been reported on the THz band as in [81–84]. Nevertheless, their directivity/ gain is also unmentioned or 
below 18 dBi. On the other hand, THz band antenna studies in [85] and [86] have achieved the high gain antenna of above 18 dBi on 
one-band only of their multi-bands, and their other dual-band and triband are not ultra-wideband bandwidth, respectively. 

Some few studies of large antenna array on the THz band in [87] and [88] have reached very high gain or high directional antenna 
of above 18 dBi, which is required in the 6G wireless communication system. Nevertheless, their bandwidth is not ultra-wideband, and 

Fig. 4. THz band antenna design [89–92]. 
(a) Plasmonic rectangular microstrip antenna (2020, [89]), 0.1− 20 THz (ultra-wideband), gain = 12–25 dB, linear polarization, and material used is 
graphene on silicon dioxide substrate. 
(b) Inverted K-shaped patch antenna (2020, [90]), 0.46–8.84 THz (very wide bandwidth), gain=22.1 dB at 8.8 THz, radiation efficiency = 72–93 %, 
and material used is perfect electrically conducting (PEC) on polyamide substrate. 
(c) 2-elements of elliptical-shaped microstrip antenna/ MIMO antenna (2020, [91]), 0.33− 10 THz (super- wideband, 187 %), peak realized gain =
19 dBi, radiation efficiency is greater than 70 %, and it is designed on RT5880 substrate. 
(d) Plant-shaped with 6 leaves patch antenna (2020, [92]), 1.12–10.02 THz (wide bandwidth, 159.78 %), gain = 18.66 dBi at 7.5 THz, and it is 
designed on polyamide substrate. 

Table 1 
summarizes the most recent related-works of fabricated THz band antenna.  

Table 1. Recent related-works of fabricated THz band antenna 

No. Antenna type Frequency 
range 

Material Fabrication technology 

1. Conical horn antenna (2020, [29]) 0.270 - 
0.330 THz 

Metal Wire-cutting EDM1 

2. 16-element planar array of cavity- 
backed patch antenna (2020, [93]) 

0.135− 0.155 
THz 

Megtron 7 N substrate Multilayer high-frequency PCB2 technology 

3. Elliptical lens antenna (2020, [61]) 0.14− 0.22 THz Topas HDPE3 manufacturing process 
4. Cassegrain antenna (2020, [62]) 0.22− 0.3 THz Brass with gold plating CNC4 machining 
5. Lens antenna (2019, [63]) 0.24− 0.32 THz High-temperature resin is chosen 

as the printing material [63] 
3D printer technology 

6. Vivaldi patch antenna (2019, [94]) 0.56− 0.74 THz Metallic on Rogers 
RT5880 
substrate 

Antenna scale modelling. Fabricated antenna at 0.0615 
and 0.0625 THz by traditional PCB etching procedure 

7. Horn antenna (2019, [37]) 0.22− 0.32 THz Metal CNC technology 
8. Horn antenna (2018, [54]) 0.09− 0.140 

THz 
Copper Plunge-wire EDM 

9. 

Rectangular horn antenna (2017, 
[64]) 

0.3 THz – – Cassegrain antenna (2017, [64]) 
Parabolic antenna (2017, [64]) 

10. Planar bow-tie antenna (2017, [95]) 1 THz FR-4 substance Antenna scale modelling. Fabricated antenna at 0.001 
THz  

Horn antenna (2016, [68]) 0.325− 0.5 THz – Low cost milling process 

11. Lens antenna (2016, [66]) 
0.320− 0.380 
THz Teflon 

No mention the fabrication technology but the porotype 
has made of fine copper 

12. Lens antenna (2016, [67]) 0.11− 0.17 THz Metallic Conventional milling process  

1 EDM: Electrical Discharge Machining. 
2 PCB: Printed Circuit Board. 
3 HDPE: High Density Polyethylene. 
4 CNC: Computer Numerical Control. 
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multiband is not included in their studies. 
Form these analyses of the performance of the latest related-works of the THz band antenna, further enhancement in antenna 

directivity or/ and bandwidth in any of mentioned THz band antenna investigations is still required for the upcoming 6G wireless 
communication system. Therefore, there is still a need to develop a novel multi-ultra-broadband with a very high directional (or 
omnidirectional with very high gain) antenna in the THz band for the 6G wireless communication system. 

On the other hand, THz band antenna studies in [89–92] have achieved the ultra-wideband bandwidth and the minimum high gain 
antenna for 6G technology, FBW is more than 50 % and gain is over 18 dBi. But, their THz band antenna fabrication and measurement 
need to be explored, measured and considered as further studies, with its multi-ultra-broadband antenna specification. Also, their 
antenna types were on microstrip/ patch antenna only (single/ array) and maximum gain was 25 and 22.1 dB for a single patch 
antenna. Other antenna types on THz band could be needed to consider in future studies as the higher-gain directional antenna (18–40 
dBi) is required for 6G technology to overcome the high path loss of THz band and this antenna type may not achieve it with other 6G 
antenna specifications. Thus, there is still needs to develop a novel higher-gain directional (or omnidirectional) of a single element or 
maybe very few elements of the antenna, for example, 2–3 elements, of THz band antenna, which meets all 6G antenna specifications, 

Fig. 5. Recent related-works of fabricated THz band antennas.  
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as it reduces the cost and complexities in manufacturing and is suitable for indoor applications. Fig. 4 shows the THz band antenna 
design and performance of [89–92] works. 

4.2. Fabrication of THz band antenna 

From Table 1, few studies fabricated their THz band antenna as compared to the amount of related-works in subsection 4.1. It is to 
note that recent related-works used a low-cost material to manufacture their THz band antenna and showed an agreement with their 
simulation results. This is to reduce the cost in the fabrication technology of the THz band antenna. Moreover, it is observed that no 
fabrication was done for THz band antenna having frequency of 0.5 THz and higher. Alternatively, the geometry antenna modelling 
technique is used. Besides, the fabricated THz band antennas that are shown in Table 1 are limited to a simple structure of antennas like 
horn, lens, planar, cassegrain, parabolic, and patch antennas only. This is due to the smaller size of the THz band, which causes 
difficulties in the fabrication process of the THz band antenna. Also, THz band antenna requires very high precision fabrication 
technology [13] as the cost associated with the fabrication of THz band antennas are high. Fig. 5 shows recent related-works of 
fabricated THz band antenna that is shown in Table 1. 

4.3. Measurement of THz band antenna 

From Table 2, it is observed that few studies tested their THz band antenna compared to the many related-works in subsection 4.1. 
This is due to the very short wavelength of THz band antenna that requires very high accuracy alignment and location system. It is also 
observed that THz band antenna measurement limited up to 1.1 THz as antenna measurement equipment’s for frequency higher than 1 
THz is not available yet. Besides, the high cost with high accuracy difficulties in alignment and location system for frequency higher 
than 1 THz is due to the very small size of the THz band antenna. Moreover, some of these few studies in the low-THz band/ sub-THz 
band (0.1− 0.4 THz) used the standard microwave/ millimetre-wave antenna measurement to verify the agreement with their 
simulation results. This is to reduce the cost of THz band antenna measurement associated with the availability of microwave/ 
millimetre-wave antenna measurement equipment. Thus, outdoor measurement facility is considered for future study as no THz 
band anechoic chamber is available for far-field measurements in the range of 0.3 THz and above. Fig. 6 shows antenna measurement 
setup of some recent related-works of THz band antenna that is shown in Table 2. 

Table 2 
summarizes the most recent related-works of THz band antenna measurement.  

Table 2. Recent related-works of THz band antenna measurement 

No. Antenna type Frequency 
range 

Material Measurement 

1. Conical horn antenna 
(2020, [29]) 

0.270− 0.330 
THz 

Metal Millimeter-wave anechoic chamber with absorber mounted on a standard UG-387 
waveguide flange. Also, antenna radiation pattern far-field measurement setup 

2. Cassegrain antenna 
(2020, [62]) 

0.22− 0.3 THz Brass with gold 
plating 

Rohde & Schwarz ZVA67 vector network analyzer with frequency extender 
module and standard WR-03 waveguide input. Outdoor measurement facility is 
considered for further work as no anechoic chamber available for such far-field 
measurements at 0.3 THz range [62] 

3. Vivaldi patch antenna 
(2019, [94]) 

0.56− 0.74 THz Metallic on Rogers 
RT5880 
substrate 

Agilent Technologies 65 GHz vector network analyzer (N5247A). Antenna 
measurement at 0.0615 THz 

4. Horn antenna (2019, 
[37]) 

0.22− 0.32 THz Metal Compact antenna test range system [96] [37] 

5. Horn antenna (2018, 
[54]) 

0.09− 0.140 
THz 

Copper Linear polarization rotation method [97] and in-house developed phaseless gain 
measurement [98] [54] 

6. Lens antenna (2017, 
[66]) 

0.320− 0.380 
THz 

Teflon but, copper 
for the porotype 

Place the lens antenna in the nearby transmitter side of antenna measurement 
setup 

7. 

Rectangular horn 
antenna (2017, [64]) 

0.3 THz – Anechoic chamber 
Cassegrain antenna 
(2017, [64]) 
Parabolic antenna 
(2017, [64]) 

8. Planar bow-tie antenna 
(2017, [95]) 

1 THz FR-4 substance Common microwave antenna measurement. Antenna scale modelling at 0.001 
THz 

9. Lens antenna (2016, 
[67]) 

0.11− 0.17 THz Metallic THz chamber 

10. 
Horn antenna (2016, 
[68]) 0.325− 0.5 THz – 

THz chamber. The Agilent vector network analyzer is used with two OML 
terahertz extenders 

11. 
Horn antenna (2016, 
[38]) 

0.22− 1.1 THz – In-house far-field THz antenna measurement system  
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5. THz band antenna challenges 

Difficulties in the THz band antenna include design, manufacture and measurement which are discussed in the next sections. 

5.1. THz band antenna design 

In a traditional network, although directional antennas are used for point-to-point connectivity, they cover long transmission 
distance [17]. In the future 6G wireless communication system, highly directional antennas are needed to cover short transmission 
distance due to the high propagation loss at THz frequencies. But, highly directional antennas at the THz band introduces challenge of 
antenna design trade-offs for 6G technology. Because it is not only highly directional antenna required as in traditional network but, it 
also should have ultra-wideband and multi-band, small size, and low-cost features. 

Ultra-broadband and compact low-profile antennas generally conflict in requirements that lead to a trade-off between the band-
width and the antenna size [34]. A compact low-profile antenna is usually a narrowband bandwidth. This is why most of the existing 
antennas in traditional networks have a design to have either one of these requirements, and an optimal antenna design to have all the 
requirements, but at the cost of big antenna size that leads to a high cost in implementation. 

Moreover, it is usually easy to meet one of the required specifications but challenging to meet both requirements, which is 
particularly true for a broadband antenna [99]. Usually, an ultra-broadband antenna has low directivity/ gain while a narrowband 

Fig. 6. Antenna measurement setup of recent related-works of THz band antenna.  
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antenna has high gain/ directivity. This is because of the effect of antenna size on the gain and bandwidth. Bandwidth and directivity 
cannot both increases if the antenna size kept small [100]. A high-gain antenna means that the aperture size of the antenna has to be 
very large, which may be a problem in practice [99]. 

Nevertheless, the smaller size of the THz band antennas, due to their shorter wavelength, allow for widening their aperture to 
increase the gain performance. However, this advantage will narrow the bandwidth of the antenna due to the effect on the antenna size 
(trade-off). Thus, if the higher gain is desired, the antenna must necessarily be a narrowband device [101]. This feature leads toward 
correlative design trade-off between the high directivity and ultra-wideband with compact low-profile antenna, which requires new 
antenna design on the THz band for the 6G wireless communication system. 

Low-cost antenna is needed as many antennas will be manufactured for several THz applications in the future. The material and 
shape of the antenna affect the manufacturing cost. Thus, a cost consideration of antenna manufacture should be kept to a minimum 
[99]. Conventional antennas are unable to serve the new frequency band due to the limitations in fabrication and installation, mainly 
for smaller sizes [102]. New low-cost materials and their fabrication technology are needed for the THz band antenna to satisfy the new 
user requirements of the 6G wireless communication system. As many antennas will be used in the future 6G wireless communication 
system, the material and manufacture technology should be widely available to enable the usage of these antennas. 

Therefore, even though graphene material is a promising material for THz band, it may find some limitation and/or challenging to 
implement in applications as cost and technology to fabricate the antenna shape, such as 3D antenna, may limit its use. Graphene is still 
within the research phase and little or no measurement data, especially at the THz band, are available [103]. More studies on using 
graphene in different antenna types are needed [6]. New broadband antenna design needs to be explored, which ultimately depend on 
the latest techniques to manufacture and tailor graphene [6]. For these antennas, the high material costs are the main causes that limit 
their broad spread in the market [34]. Thus, novel low-cost material and investigation of existing materials for each type of antennas 
will be needed. This is an open research direction on the THz band that needed to be discovered. 

On the other hand, metallic antennas are suitable when a low-cost antenna is needed [104]. Metal antenna reduce the cost and 
fabrication complexity [105]. The properties of copper material make it a favourable choice for antenna fabrication [13]. At THz 
frequency range, the skin depth and conductivity of the copper metal decreases and thus reduce the radiation efficiency of the antenna 
elements [13]. At lower THz frequency range, for example, at the resonance frequency of 6.45 THz, the ohmic resistance plays a 
dominant role in contributing to the surface impedance of copper and thus makes it difficult to design antennas with copper material 
[13]. Along with the antenna design trade-offs to meet the user specifications in the 6G technology. In [46], patch metal (copper) 
antenna showed a greater bandwidth and a deeper return loss compared with patch thin graphene antenna (in [46]). That also makes 
copper antenna on the THz band a favourable choice when a wideband bandwidth feature is needed as in the 6G technology. 
Nevertheless, due to metal surface loss, it a challenging task to design such THz band antennas using copper material. This is an open 
research direction on the THz band antenna design using metal material that needed to be solved or discovered for different types of 
antenna. 

Moreover, tunability in frequency response is not required in case of the ultra-wideband (UWB) devices response [81]. The use of 
graphene material in the implementation of UWB devices, such as antenna, appears to be less effective because the main advantage of 
using graphene material is its ability to be electrically adjustable by applying an external electrostatic voltage [81]. Graphite material 
does not need for frequency tuneable in UWB [81]. Thus, the use of graphite material in the implementation of the UWB device for THz 
application is justifiable [81]. The use of graphite material can provide the robustness and prevent the complexity in manufacture 
because the requirement of maintaining the uniformity of its layered architecture can be mitigated [81]. Still, ultra-broadband antenna 
design using graphite material needs to be explored for different types of antenna, such as 3D antenna, to meet the other 6G antenna 
specifications. 

Similarly, the challenge of omnidirectional with high gain antenna design comes at having ultra-wideband and multiband in one 
antenna while maintaining low-cost feature in 6G technology. Existing ultra-wideband and omnidirectional antennas have difficulty in 

Table 3 
Current fabrication technology for the THz band antenna.  

Fabrication technology Used Limitations Frequency range 

Printed circuit broad (PCB) 
technology 

Suitable for simple and 2D structures Only for simple and 2D structures 0.22− 0.325 THz (R-band) [108] 

3D printer or additive 
manufacturing (AM) 
technology 

Suitable for structural parts of large size 
and complex shape [109]. The precision of 
the 3D printing equipment can be reach 
0.01 mm [109]. Low cost [63] 

Unacceptable surface roughness, and limited 
precision/ resolution for higher THz 
frequencies [106] 

Microwave and millimeter-wave 
frequencies [63], and some of 
low-THz band such as 0.22-−
0.325 THz (R-band) [108] 

Micromachining or micro- 
electromechanical 
system (MEMS) 
technology 

Suitable for 3D micro- and nano-structures 
[106] as it allows a highly accurate 
manufacturing of devices [42] 

Very costly and complicated [63] process. At 
higher frequency, smaller dimensions of 
devices 
and the requested very high accuracy is 
challenging [42] due to its limited accuracy 
or tolerance. Micromachining technology 
machine can have a fine tolerance of 1um 
[108] 

Beyond R-band and up to 1 THz 
[108] 

Nanofabrication technology Allows to manufacture very precise 
elements for optical frequencies [42] 

Some THz designs can be proven to be too 
large for this technology [42] 

Optical frequency [42]  
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meeting cheap feature as material and manufacturing technology at the THz band are still open problems. Nevertheless, 6G directional 
antennas have more priority compared to 6G omnidirectional antennas, due to very high path loss that lies in the nature of the THz 
band, which shows a significant need of directional antennas in the 6G technology to overcome the high propagation loss of THz band 
and to provide reliable communication. 

5.2. THz band antenna fabrication technology and measurement 

Low cost, high precision and reliability manufacturing processes played a major role in the development of THz band antennas 
[105]. Fabrication and measurements of THz band antenna are also challenging due to its smaller size. Conventional manufacturing 
technologies for most microwave and millimetre wave antennas will not be applicable at THz frequencies [106] because the fabri-
cation of the THz band antenna needs very high precision, tolerance and very smooth surface finishing [107]. As large surface 
roughness leads to increased insertion loss, which affects the antenna performance [107]. Table 3 summarizes the limitations of the 
current fabrication technology for the THz band antenna. 

From Table 3, it is observed that current fabrication technologies for THz band antenna limited up to 1 THz only. Fabrication 
technology for THz frequency more than 1 THz of the antenna is not yet available in the open literature. Because of the reduced 
antenna size at the THz band, the suitable fabrication processes are limited [105]. Thus, unique and complicated manufacturing 
techniques are required to permit the high precision for THz band antenna design [105]. This is an open research problem that needs to 
be solved in the future as it is related to the cost of the antenna, and it is implementation. The THz band antenna measurement also 
limited to 1.1 THz (shown in Table 2) as antenna measurement equipment, such as vector network analyser, for frequency higher than 
1 THz is not available yet [108]. Due to high cost and accuracy difficulties in alignment and location system of THZ band antenna. This 
is also an open research problem that needs to be solved in the future as it related to the cost of the antenna and its measurement 
processes. 

6. Resaech directions 

The possible research directions are as follow:  

▪ Design THz band antenna that meets specifications for the 6G wireless communication system.  
▪ Design THz band antenna using metal material that meets specifications for the 6G technology.  
▪ Develop or enhance any of THz band antenna studies in subsection 4.1 to meet specifications for the 6G technology, with its 

fabrication and measurement.  
▪ Explore 3D/ 2D THz band antenna using graphene and graphite materials for the 6G technology, with its fabrication and 

measurement.  
▪ Investigate existing low-cost materials (if any) for different type of antennas on the THz band that meets 6G antenna 

specifications.  
▪ Explore fabrication of 3D antenna or other antenna types that is shown in Table 1 on the THz band.  
▪ Develop any of fabrication technology that is shown in Table 3, for THz band antennas.  
▪ Develop antenna measurement equipment/ setup for THz band antenna higher than 1 THz. THz band anechoic chamber is not 

available for antenna far-field measurements/ outdoor measurements facilities in the range of 0.3 THz and above.  
▪ Develop a novel low-cost material on the THz band. 

Fig. 7 shows a brief of possible research directions of THz band antenna in the 6G wireless communication system: design, 
fabrication, and measurement. It summarizes the open problems or needed studies, which is discussed in the previous section (section 
5). Design difficulties in meeting all 6G antenna specifications for THz band antenna, unique and complicated manufacturing tech-
niques are required to permit the high precision for THz band antenna design, and accuracy difficulties in alignment and location 
system of THz band antenna, with its fabrication and measurement availability. It also shows the connection between them for further 
studies. THz band studies in others field such as material science, manufacture technology, and measurement equipment will help to 
implement the THz band antenna in the 6G wireless communication system. 

7. Conclusion 

THz bands (0.1− 10 THz) provide extreme-wide bandwidth allowing an ultra-high-speed communication for many future 6G ap-
plications. Many challenges on the THz band needs to be overcome for the next 6G wireless communication system. In this paper, a 
detailed review of the most significant THz band antenna challenge is presented. We have highlighted the antenna specifications in 6G 
technology for ultra-high-speed THz wireless communication applications. The antenna design challenges to meet the 6G antenna 
specifications are clarified. Some difficulties in THz band antenna fabrication and measurement are discussed. In the end, we have 
indicated some open research directions, which opens the way for the development of THz band antenna for future 6G wireless 
communication system. 
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